AD-A154 269 THERMODYNAMICS OF HIGH TEMPERATURE MATERIALSCU) 1/3 .

NATIONAL BUREAU OF STANDARDS GAITHERSBURG MD CENTER FOR
. CHEMICRL PHYSICS S RBRAMOWITZ 15 MAR 85
UNCLASSIFIED AFOSR-TR-85-8394 AFOSR-155A-84-808034 F/G 1172 NL

A

£




R
S EEE

FEEEETTE

A TLIRATHIFET N IX TN N T A TR TN LN B DT .
MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

W EEE

... ...‘.w(‘ql LRI N )
e SN AN O\ SRR A NN




MAY 2 9 1985

NT A

w
|
|
|

—

TSN T4 TN SN TAODY 1V 0] 1O

Rpproved fr public roleaset

=
B
<
5
:
<z
&
'a




— TEEY,
AR

St DISTRIBUTION/AVAILABILITY OF ABSTRACT

:. REPOAT SECUR' ™Y CLASSIFICATION 1b RESTRICTIVE MARKINGS
UNCLASSIFIET

28 SECURITY CLASSIFICATION AUTHORI T Y

3 DISTRIBUTION/AVAILABILITY OF REPORY

Approvec for public release; distributior
20 DECLASSIFICATION/DOWNGRADING SCHEDULE unlimited.

4 PEAFORMING ORGANIZATION REPORT NUMBERI(S 5 MONITORING ORGANIZATION REPORT NUMBER(S,

AFOSR-TR. 85-0394

6a. NAME OF PERFORMING ORGANIZATION rb. OFFICE SYMBO L 78. NAME OF MONITORING ORGANIZATION

t1f appucadie
National Bureau of Standards Air Force Office of Scientific Research AJ

6c. ADORESS (City. State and ZIP Code : 7b. ADDRESS (City. State and ZIP Code/

. Bldg 410
Gaithersburg, MD 20899 A Bolling AFB DC 20332-6448
Bs. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (11 applicable s AFOSR-TISSA- 84.00034
AFOSR NE T
8c ADDRESS City. State and ZIP Coae) 10 SOURCE OF FUNDING NOS
PROGRAM PROJECT TASK WORK UNIT
Bldg 410 ELEMENT NO. 2306‘0' c4 No NO
Bolling AFB DC 20332-6448 61102F 2306 A2
1. TITLE tInciuae S-u'unty Clauc{icouom .
Thermodynamics of High Temperature Materials
s .PERSONAL AUTHORIS)
-5, Abramowitz,ed.
13a YYPE OF REPDRT 13b. TIME COVERED 14 DATE OF REPORTY (Yr.. Mo., Day! 15. PAGE COUNT
Annual rrom _10/1/83 +09/30/34 35/3/15 243 + 1V
18. SUPPLEMENTARY NOTATION
COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
IELD GROUP Sue. GR. High Temperature, Thermophysic¢s, Thermodynamics, Materials

19. ABSTRACT Continue on reverse if necessary and identify by dlock number)

The research described”encompasses six tasks each of which treats, from either an
experimental or theoretical base, the measurement or interpretation of the high-temperature
thermophysical behavior of model systems which show potential applications to :the -
environmental resistant materials and the spacecraft survivability programs. While there
is significant overlap between these tasks, the first two chapters are addressed to the
environmental resistant materials program, wnile the Tater four chapters are addressed
to the spacecraft survivability program. LAY 1 tude —

The heat capacity, electrical resistivity and hemispherical total emittance of graphite
has beenm measured jin the rauge of 1500-3000 K. The heat capacity and electrical resis-
tivity of nickel shas—been-measuredin the range 1300-1700 K. afne melting point of nickels .
has also-been determined, . Fhe specific heat of both hexagonal and cubic boron nitride #as—-
been-determined. in the range of 273.15-1200 K. The heat capatity of Kuminum has been
calculated using several theoretical mode]s.)ﬁ}he results are\to be compared with (conti)

[ N
21 ABSTRACT SECURITY CLASSIFICATION

uUNCLASSIFIED/UNLIM 160 & saMe as apT. T otic useas OJ UNCLASSIFIED Lh Voo

o

22s. NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE NUMBER lzzc OFFICE SYMBOL
. . ) (Include Arec Code;
JOSEPH W HAGER, Maj, USAF W (202) 767-4933 NE
AT
DD FORM 1473, 83 APR EDITION OF 1 JAN 73 1S OBSOLETE, UNCLASSIFIED

UNCLASSIFIED A :... i E g i Z
SECURITY CLASS!FICATION OF THIS PAGE 3 A I ‘

O REPORT DOCUMENTATION PAGE

- ’.

SECURITY CLASSIFICATION OF THIS PAG




ISR A A A & Al it b LR AR L sad sl ol o el AL Pl T b Al M Al Al tite i M Adec il A A ik e i ettt et
B
.

UNCLASSTIFIED

SECURITY CLASSIFICATION OF THIS PAGE

19. Conti)

experimental determinations, new nearing completion.
. The thermodynamic effects of elastic and inelastic collisions have been determined. The

“problem of how to treat polyatomic molecules having hignly distorted vibrational states, as
can be expected after laser irradiation, has been addressed. High temperature equilibria
have been modelled using a square well potential. A program for evaluation of the
classical partition function and resultant thermodynamic quantities for molecules at

high temperatures nas been developed.and made available to tne thermodynamics community
including the JANAF group. -An efficient computer code has been developed which allows
calculation of the equilibrium configuration of the symmetric carbon structures present

in graphite-like layers. Experiments have been initiated to test the predictions of this
code. The gas phase ionic reactions leading to the build up of unsaturated hydrogen

deficient carbon chain hydrocarbons has been studiedwusing precursors such as diacetylene, h

cyanoacetyiene, cyanogen and 1,3,7 hexatriene.

Inegretical and experimental determinations

have been made of the proton affinities of some releyaht species.

Studies have been

continued to determine the kinetics and molecular methanisms of laser induced vaporization

ek

DM gh) SRR PA RN
® L
N N P 1:\_ A

= SEn T G 2 0 A0 i
. . . . .
co . . Coa e s
‘ . . . PR

R
e . . .

Bt R

of carbonaceous materials.

A study to determine the/ mechanism ot rormation of metal-

containing particulates, which lead to aerosol formdtion, has been continued.

Temperature

dependency of the ionization cross sections has beeﬁ observed in simple molecular model
systems in order to explain disparate literature rqsu]ts.

]

]
:

__UNCLASSIFIED




P TCT YN T TV IMNTIIN ST I WS 4 e = s m o

'}—‘"..-‘. ke, St A~ e i S S it Sl A b ad G gt i i s dhl S i

L} ‘
n$\
(Y

X

”

.0"."".1':" .
T e &L £
i t.’
[
"

Thermodynamics of High Temperature Materials

e

*‘
M
P
»
X
‘b

Annual Report for the Period

1 October 1983 - 30 September 1984

AIR FORCE OFFICE OF SCIENTIFIC RESEARCH

AFOSR‘ISSA—84-0003’

AIR YORCE OPPICR OF SCT
ENTIFIC RESEARCH
FOTICR OF TRANSMITTAL TO DTIC (4rse)

This technionl ropert has hoan revievad and {s

approved for ru-lio rule.s ;
T ahlta ¢ =80 (AW
Distributian 1= unlimited. AR 190-12.

MATTHEW ;. KN~'£R ,
Chief, Tesr.itcal Information Di'“ion"'y

Lo SR AL heeil
1Y . . . - I
L X

ot
.

A R

ublie releass ’

‘T'.'.-' approved f07 P ted.

distribut jonunl imi

..... O T T S e e mt e NI UL G S Loyt
Rl Thdr RIS IR AR R S MY LR . PR PR S f P P S AT T s B S
e e AP S A f\n' o e e e e e e e P S T
et T e e T T T e T T et el T %e Ym Me e o ot oy e RO NG DRI IAIE IR P NS TS U I S INwRes




3 _:,\-:_\
c l:.q‘ I
M TABLE OF CONTENTS
" CHAPTER PAGE
N ABSTRACT I1I
L
1. Research on Thermophysical Properties
ﬂi a Heat Capacity, Electrical Resistivity and 2
< Hemispherical Total Emittance of AXM -5Q1 POCO
:} Graphite in the Range of 1500-3000 K.
b. Thermophysical Properties of Nickel above 1300 K. 13
f: 2. High Temperature Enthalpy Measurements 28
‘jf a. Relative Enthalpy of Hexagonal and Cubic Boron 29
- Nitride Between 273.15 and 1200 K.
;j b Aluminum: Derivation of CVO from Cp and Comparison 38
L to Cy, Calculated from Anharmonic Potentials.
-. “;;, 3 Critique of Thermodynamic Functions Evaluated at 63
High Temperatures
{i: a. Adiabatic Analysis of Distant Perturbations: 69
o Applications to Herzberg-Teller Vibronic
= Coupling Theory.
4, Stability and Growth of Graphitic Layers 97
;:5 a. Counting of Resonance Structure for Large 102
_{ Benzenoid Polynuclear Molecules.
&:- A Chemical Theory of Grahpite - Like Molecule
"
;:' Acgession For Y,
3 RTIS GRA&I [ f
. DTIC TAB O
Unanoounced a
9 Justificatio
1S —PER TALL IS
» By 1
Qi_gt:xlibutiou/ o
B Avatlability Codes
p "7 |Avntl and/ser
q: {5t C) "i{tl

P oS,

o
L)
»

*; IR .-L ,“_a J' f.-_‘;""

RORIACAVA

LIS R

-t o e N “a
PRI T, P W P S A

et e
R S




L Ao gk ' T T TN R T N I T N T L TR TN T S T IR NI T IL Mg T g T g v ageuygerpw v W ewerge it Jvow

Il

Q%C# 5. Build Up and Irradiation of Obscuring Clouds Under Near 128
N Vacuum Conditions: Applicability to Spacecraft

Survivability

a. Consecutive Ion Molecule Condensations Reactions 134

and Photodissociation Mechanisms of Condensation
Ions in Polyacetylenic Compounds.

b.  Structure of CgHy Ions Formed in Unimolecular 162
and Biomolecular Reactions.

6. Molecular Basis for Laser Induced Vaporization of 203
Refractory Materials.




g-r:;f_-. III

ABSTRACT

The research described encompasses six tasks each of which treats,

~

»
-
-

from either an experimental or theoretical base, the measurement or

C Y e s

-~

interpretation of the high-temperature thermophysical behavior of model

-

systems which show potential applications to the environmental resistant

¥ .

materials and the spacecraft survivability programs. While there is

s

Y ;-r;.

significant overlap between these tasks, the first two chapters are

’.

addressed to the environmental resistant materials program, while the

i3

later four chapters are addressed to the spacecraft survivability program.
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The heat capacity, electrical resistivity and hemispherical total

emittance of graphite has been measured in the range of 1500-3000 K. The

heat capacity and electrical resistivity of nickel has been measured in
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the range 1300-1700 K. The melting point of nickel has also been
determined. The specific heat of both hexagonal and cubic boron nitride

has been determined in the range of 273.15-1200 K. The heat capacity of
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Aluminum has been calculated using several theoretical models. The

results are to be compared with experimental determinations, now nearing
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completion.
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The thermodynamic effects of elastic and inelastic collisions have

been determined. The problem of how to treat polyatomic¢ molecules having
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:i highly distorted vibrational states, as can be expected after laser

;i irradiation, has been addressed. High temperature equilibria have been
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. modelled using a square well potential. A program for evaluation of the
5& classical partition function and resultant thermodynamic quantities for
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molecules at high temperatures has been developed and made available to
the thermodynamics community including the JANAF group. An efficient
computer code has been developed which allows calculation of the equilib-
rium configuration of the symmetric carbon structures present in graph-
ite-like layers. Experiments have been initiated to test the predictions
of this code. The gas phase ionic reactions leading to the build up of
unsaturated hydrogen deficient carbon chain hydrocarbons has been studied
using precursors such as diacetylene, cyanoacetylene, cyanogen and 1,3,7
hexatriene. Theoretical and experimental determinations have been made of
the proton affinities of some relevant species. Studies have been
continued to determine the kinetics and molecular mechanisms of laser
induced vaporization of carbonaceous materials. A study to determine the
mechanism of formation of metal containing particulars, which lead to
aerosol formation, has been continued. Temperature dependency of the

ionization cross sections has been observed in simple molecular model

systems in order to explain disparate literature results.
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1. Research on Thermophysical Properties
N A. Cezairliyan, Principal Investigator.

a a. Heat Capacity, Electrical Resistivity and Hemispherical Total
. Emittance of AXM-5Q! POCO Graphite in the Range of 1500-3000 K.

. b. Thermophysical Properties of Nickel Above 1300 K.
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a, Heat Capacity, Electrical Resistivity and Hemispherical Total

Emittance of AXM-5Q1 POCO Graphite in the Range 1500-3000 51

A. Cezairliyan, A.P, Miiller and M.S. Morse

Inrecent years, graphite has become one of the most
important refractory materials in the development of high-
temperature technologies, finding applicatidﬁs both as a
component in structural composites and as a standard reference
material for thermal property measurements. As a result, there
has been an increasing need for accurate data on various
thermophysical properties of graphite, particularly at
temperatures above 2000 K where significant disagreement exists
among the relatively few investigations reported in the
literature,

In the present work, accurate measurements of heat capacity,
electrical resistivity and hemispherical total emmittance of AXM-
5Q1 POCO graphite were performed in the temperature range 1500-
3000 K by means of a rapid pulse-heating technique [1, 2]. This
study, which was conducted as part of the CODATA program on high-
temperature materials, was motivated in part by the difference
(~3%) between heat capacity values obtained recently at 1MGe? {3]
for AXM-5Q13 and results obtained earlier at NBS [4] for similar
graphite (AXM-SQ)3. This difference is considerably larger that

the measurement resolution (~0.5%) of the pulse-heating systems

LI appear in Int. J. Thermophysics 6....(1985).

2 Instituto di Metrologia "G. Colonetti".

3 The additional "1" in the grade designation refers to graphite
of greater purity.
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(identical in principle) used at the two laboratories. The aim
therefore is two-fold: (1) to resolve the difference between
results obtained at IMGC and NBS, and (2) to obtain final
definitive values for the above properties of graphite.

Two specimens were fabricated into the form of thin-walled
tubes from a cylindrical rod sample of AXM~-5Q1 graphite supplied
by the O0ffice of Standard Reference Materials at NBS. The
dimensions of the tubes were, nominally: length, 76 mm; outside
dliameter, 6.3 mm; wall thickness, 0.5 mm. A small rectangular
hole (0.5 x 1.0 mm) was fabricated through the wall at the center
of each tube, thereby approximating black-body conditions for the
pyrometric temperature measurements. In order to compensate for
the cross-sectional nonuniformity created by the hole, a portion
of the specimen was removed by grinding a flat along the length
of the tube excluding the ' mm length of the hole.

Each specimen was pulse-heated in a vacuum environment of
about 1.3 mPa (~10'5 torr), successively from room temperature
through six overlapping temperature ranges between 1500 and
3000 K. The duration of the electrical current pulse used to
resistively heat the specimen ranged between 400 and 500 ms. The
heating rates varied, depending upon the temperature range,
between 3000 and 5000 K-s-1. During each pulse experiment,
simultaneous measurements of specimen temperature, and voltage
across and current through the specimen were recorded with
milliisecond resolution,

Heat capacity was computed using the data taken during the
heating period by means of the relation C_, = (el - Pr)/nT'

P
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where e is the voltage drop across the specimen, i the current,

P, the power 1oss due to thermal radiation, nthe number of

r
moles, and T' the heating rate of the specimen. On the basis of
data taken during the initial cooling period of the specimen, the
correction for radiative heat loss was calculated to be about 4%
at 1500 K and as much as 35% at 3000 K. The results in the six
temperature ranges for the two specimens were combined and fitted
by a quadratic function in temperature by means of the least-
squares method. The function that represents the final results

(standard deviation = 0.3%) for the heat capacity of AXM-5Q1

graphite at temperatures between 1500 and 3000 K is

Cp = 19.438 + 3.6688 x 1073 T - u.6624 x 10”712 (1)

where C, is in J. mol”' « K™! and T is in K. In the
computations of heat capacity, the atomic weight of graphite was
taken as 12,011, The deviation of the heat capacity values for
the two specimens from the smooth function defined by Eq. (1) is
shown in Fig. 1. As may be seen, the deviations are about 0.5%
or less at all but the highest temperatures where the deviations
becom2 as large as 1% for one of the specimens.

The electrical resistivity of the specimen was computedu by
means of the relation p = RA/L where R i3 the resistance, A the
cross-3ectional area, and L the length of specimen between the

voltage probes, The cross-sectional area was obtained from the

density of the graphite material and the measurement of specimen

4

In all computations, the geometrical quantities of the
specimens were based on their room temperature (295 K)
dimensions.
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values of resistivity. Powell et al. did not give details
concerning the heat treatment and purity of the specimen used in
their measurements,

Results for the melting point of nickel as reported in the
literature are presented in Table III, along with corresponding
values based on IPTS-68 for comparison with the present work.
Prior to the gas-thermometer work by Day and Sosman [15], most of
the early determinations of the nickel melting point were made by
means of thermocouples (for a summary see Refs, [16,17]). All
subsequent investigations, with the exception of our work, have
utilized visual optical pyrometry for the measurement of
temperature.

In experiments by Wensel and Roeser [16], and by Van Dusen

the relative brightness of blackbodies at the melting points of
gold and nickel, and then calculating the upper temperatures by
means of Planck's law (based on accepted values for the gold
point and the second radiation constant). Their results form the
basis for the secondary reference point value of 1728 K assigned
t> the melting temperature of nickel [2,18]. 1In subsequent work
by Schofieid and Bacon [19] and by Oriani and Jones [20], the
radiation temperature measurements were referenced indirectly to
the gold point by means of calibrated tungsten-filament lamps.

A3 may be seen in Table III, these investigations yield
somewhat lower melting point values than the present result, 1729
L However, the differences are within the measurement
uncertainties reported by the investigators, With the exception

of the work by Oriani and Jones, the specimens used in the

18
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those reported in the literature in Figs. 2 and 3, respectively.
Heat capacity data at temperatures in the present range have
also been obtained by Krauss and Warncke [8) and by Vollmer et
al. [9], using adiabatic calorimetry, and by Kollie [10] using a
slow pulse heating method. The results of Vollmer et al. are in
good agreement (better than 1%) with the present work whereas the
data obtained in the other two investigations are about 4%
higher. Measurements by Novikov [11] using an adiabatic method
and by Ewert [12] using drop calorimetry have yielded heat
capacity data at temperatures up to about 250 and 1275 K,
respectively. The trend of these data with increasing
temperature is different than that of the present work, though
extrapolations to 1300 K yield respective values which are only
about 2 and 3% lower than the present value for heat capacity.
The electrical resistivity results reported by Kollie [10]
and by Powell et al. {13] are respectively about 1 and 1.5% lower
than our results whereas the data reported by Laubitz et al., [14]
when extrapolated to 1300 K is about 2% lower., However, the
differences are within the combined experimental (and
extrapolation) errors. The lower values of resistivity obtained
in the earlier investigations may be partially due to extensive
annealing of the specimens used in the measurements: the
specimen (>99.89% pure) used by Kollie was annealed at 1100 K for
24 h and Laubitz et al. annealed their specimen (99.99°% pure) at
1400 K for 2 h whereas the present specimens (99.98%% pure) were
each subjected to a pulse heating to about 1500 K, prior to the

measurements, Specimens of higher purity should also yield lower

17
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The final values for heat capacity and electrical
resistivity are presented at 50 K temperature intervals in Table
I. It should be noted that in all computations the geometrical
quantities of the specimens are based on their room temperature
(298 K) dimensions,

The melting temperature for each specimen was obtained by
averaging the temperatures measured during the melting period;
the solid to liquid transition is indicated by a plateau in the
temperature versus time function, as shown in Fig. 1. (Suitable
melting plateaus were obtained only for two specimens.) A
summary of results for the specimens is given inTable II. The
average melting temperature for the two specimens is 1729.4 K with
an absolute deviation of 0.5 K. It may be concluded that the
melting temperature of nickel is 1729 K.

A detailed analysis of the sources and magnitudes of errors
involved in the measurement of various thermophysical properties
with the NBS pulse heating system has been given in an earlier
publication [5]. More recently, errors in temperature
measurements with the same system were discussed In connection
Wwith the measurement of the melting temperature of palladium [7],
which is about 100 K above that of nickel. In the present work,
specific items in the error analyses were recomputed whenever
conditions differed from those in the earlier publications. The
maximum uncertainties in the measured properties are estimated to
be as follows: heat capacity, 3%; electrical resistivity, 1%;
melting temperature, +4X,

The heat capacity and electrical resistivity of nickel

measured in this work are presented and compared graphica’ly with

16
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of least-squares yielding a polynomial in temperature. The

2
[

4
2pls

function that represents the results for heat capacity (standard

deviation = 0.6%) at temperatures between 1300 and 1700 K is

Cp = 21.735 + 9.8200 X 10737 (1)

where C o is in Jemol”™'ek™! and T is in K. In the
computation of heat capacity, the atomic weight of nickel was
taken as 58.71.

The electrical resistivity was determined from the same data
on voltage, current and temperature that were used to calculate
heat capacity. The cross-sectional area of the specimen, which
is needed in the computation of resistivity, was obtained from
the density of nickel (8.902 g-cm—3) and a measurement of the

-~ specimen weight, The final values for resistivity were obtained
by fitting a psclynomial in temperature to the combined results
for the three temperature ranges, by means of the least-squares
method. The function that represents the results for electrical
resistivity (standard deviation = 0.1%) at temperatures between

1300 and 1700 K is

p = 18.908 + 2.3947 x 10727 (2)

where p is in uQecm and T is in K. Prior to the pulse

experiments, a Kelvin bridge was used to measure the electrical
resistivity of the specimens at "room temperature", yielding an
average value of 7.54 uqQecm at 295 K, with an average absolute

deviation of 0.3% and a maximum absolute deviation of 0.4%.

15
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detected elements was less than 20 ppm, each element being below
l the 1 ppm limit.

The response of the high-speed photoelectric pyrometer [6)]
was optimized by dividing the temperature interval of the

measurements (1300-1700 K) into three ranges. One experiment per

specimen was performed in each temperature range. The heating
rate was varied depending on the temperature range by adjusting

I the value of a resistance in series with the specimen; typically,
the heating rate was in the range 2400-3400 K-s“. Duration of
the current pulse was in the range 500-600 ms.

! All measurements of heat capacity and electrical resistivity
were performed with the specimens in a vacuum environment of
about 1.3 mPa (~107° torr). For the melting experiments, the

I -~ specimens were pulse-heated Iin an argon environment at about 0.2

5 MPa (~2 atm).

Upon completion of the experiments, the high-speed pyrometer

u was calibrated against a tungsten filament reference lamp which,
in turn, had been calibrated against the NBS Photoelectric
Pyrometer by the Radiometric Physics Division at NBS. All

) temperatures reported in this work, except where explicitly noted
otherwise, are based on IPTS-68.

The heat capacity was computed using the data on voltage,

) current, and temperature taken during the heating period of each
experiment. A correction was made for the radiative heat loss
from the specimen based on data taken during the initial cooling

j ;‘ period of the specimen. This correction amounted to about 1% at
1300 K and about 2% at 1700 K. Heat capacity data for the three

temperature ranges were combined and then smoothed by the method

14
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b. Thermophysical Properties of Nickel above 1300 K

A. Cezairliyan, A.P. Miiller and M.S. Morse

On the basis of a suggestion made by the Air Force,
measurements of the heat capacity and electrical resistivity of
nickel were performed in the temperature range 1300 to
1700 K [1]. In addition the melting temperature of nickel, which
is a secondary reference point on the International Practical
Temperature Scale of 1968 (IPTS-68) [2], was also measured [3].
This work was carried out by means of a rapld pulse-heating
technique [4,5] which involves resistively heating the specimen
from room temperature to temperatures of interest by passing a
subsecond electrical current pulse through it; and simultaneously
measuring (with millisecond resolution) pertinent experimental
quantities such as specimen temperature, voltage across and
current through the specimen. The short heating time (less than
1s8) of this technique tends to minimize problems associated with
quasi steady-state experiments at high temperatures, especially,
specimen contamination and evaporation.

The measurements were performed on three tubular specimens
fabricated from cylindrical rods by an electroerosion technique.
Nominal dimensions of the tubes were: length, 75 mm; outside
diameter, 6.4 mm; wall thickness, 0.5 mm. The results of a
typical analysis furnished by the manufacturer indicate that the
material was 99.98%% pure with the following impurities in ppm by
mass: Fe, 30; 0, 20; N, 13; C, 8; Sn<15; In<é6; Sr<5; Cl1, Ge, Nd,

S, Se, Sm, Ta, Te, <3 each; the total amount of all other

13

A S R
YA .

RIS

e T N e T T s sy N SN e .-,._-\. ER TSR \ _-,\.‘_._-
L S T A T A T R R T T AT AP A Ot e AT
Ry WGP G TP I W WG I G P S W, P IO R Ry L C R B PR AR AV A WAL, X

|




Tainjeiadwa) wool 1e suawydads
ayjy jo Amlau.w uf) A3Fsuap 9yl 03 13J31 S3IN|oEB1q UF SIIqUNU Y] *231yde1d 070d TOS-KWXV pue OS-WXV
103 3an3BI3IFT 9yl uy polrodax eiep AITAFISFSaI [BOFIIOATA YITA Hioa jquasaad ay3 jo uosyiedwo) ‘¢ ‘314

o
v
»)

al ol

PR

PO P PR T WY W T

hoah oty -mah - il ot nCA ARNA SN

MR8 an b asr Lenm i e S-Sl S A

A and B e el el ———

)| .m..:.-EmaEw._.

000€ 11} 34 ooct

— L 1 ﬂ ! L — L

ayydess 020d

cocen
\\\l. L 29N

T IN VR I

HIOM JUOSAUd e

A\ ~ (e261) "[e 19 wiybiy ——
(8261) 1001y pue i0}fey -----
(sz61) wybiy pue uehjuezey —

— 1 | — 1 1 — {

—{ oos

0001

ooct

wo. s ‘AyAnsisay |eonyd3|3

oovi

12

AR

h
O Py W

et
IR a4

;{:\_L

A,

Lo

-
P Se

hf be
-
Y

it

o T v

. -
A
asat al e

Ly

e

R IR S P U S A -
A
N ALAEN I I NN

»
o)
et

LI S
R
L% VY

re,

-«™ -» --
Lt

.
et
A AP . NN

. ro.
3




*231yde1d 0704 TOS-WKXY o
puUB JC-WXV 103 2InIel3aIT[ 3Yy3 uy po3iodax ejep A3yoeded jeay Yifa j1oa juasaid ay3 jo uostiedwo) °g ‘314 ey

S e T e

A N B B S

-
s am e e,

) ‘ainjesadwiagl

-

DN SN

-
>
[

000€ | (1 [1] XA 00c¢t 00€
| v ! I L) T T 1 1 T

sk

TN

Jo—.

L)

YIOM Judsald = ;
(v861) stewnd ~ |, ne-wxv i
(6261) “1e 1@ uybiy ——~ y:
| (861) 10019 pue tojfey ~~ i

(sz61) 1uiybiy pue uefiurezog —— DS-WXV \w

>

- R
\ .....
.'-["."‘.'.'-.~."-" P -
e M W Ao W M P W Pt S5 W 5

SR

e "
o'
" .

el am-E e - sedt et SO A T M B A Calng g™
L
PR

A n Yah aoll A
N
~N

— %€ 1 - — 22

I
|
]
-
l;)l' ,-low. p ‘Ayjoede) jeaH
1
RACA AP

{ S-a 2an &30 A aen sie A an i A Ae A RNSE At

.......
[P SR A |
DRI N *
Ak s A A Sl &




|

P A A s SR B A i S abol MR b i g o

TorTTT T TTrTeYYY

B gl MRAL gl mw i b e g T T T Ty wowwY

e

P
R SR L

sluasaxdax yoyya ‘(1) °ba

00o0¢

S T U O U T RO U TP PUUTOU VT UTITY TUXeNUe— veeT ey
mox3 suawydads [enpfAIpur a2yl 10j sj[nsaa Ljyyoedeo eay ayil jJo uoyieyaaq

W ‘eamjesadwia)

00S¢ 000¢ 00S1

T 314

oL-

% ‘uoneiraq

oL

o ' ] ! I J I
N ° ® 9 o o -
®eo0 o o o
$ e o°° 8 o o 8 6 . © © L, e
o ®e 00 O 0po00°
llllllllll |Ql.||ll.l-"|Ia‘llllll.lllll'llllall.'onl.l.l||l.||
o o ®o o ¢ u oo
o
] ® o0 0, ® g PP
o)
o Z# uawioadg o
B o L# uswidadg e —
LOS-WXV anydess 000d
w— : 1 r i ; 1 —

......
LRI

¥ &

2 e, % & 2 e 1 a1
-.. e \-. R L ..o« . -- -.-hv.4-... v e o’

10

PRI A J

L

e e e e e T T
W R B VIR G S

A,‘."-"..'-"\'."-‘r'-'
DU SR WY WS T W WP Py

PR
P
.

o

~ 4_'-.‘ . . . . w '.. N . -
o~ R . » »t . . . . .. ‘. a . PN
AW N U WP G T U P W U W 0. 4 . WP 6. WP WU WOV U, WU SO SO 2y ..4~*-




mj PR N T R T VR T TR Ao masmil ol L Eaen b et caa o cmia At Bl Zhhe e -Sena-lin dee Al -Aaacii ey L A "—'ww‘_“'—'hj
P.r
b
| 3]
1
. ."\:'_-»
N
Table I. Smoothed Values for Heat Capacity, Electrical
Resistivity and Hemispherical Total Emittance of
AXM-5Q1 POCO Graphite,
T Cp p(ufiecm) €
(X) (Jemol~tex™1) Specimen 1 Specimen 2
1500 23.89 1078.6 975.0 =
1600 24.11 1092.6 989.5 -
1700 24.33 1107.7 1004.7 0.813
1800 24.53 1123.5 1020.6 0.815
19090 24,73 1140.0 1037.0 0.817
2000 24,91 1157.0 1053.9 0.820
- 2100 25.09 11744 1071.0 0.822
2200 25.25 1192.0 1088.3 0.825
2300 25.11 1209.7 11056.7 0.827
2400 25.56 1227.2 1123.0 0.829
2500 25.70 1244.,6 1140.1 0.832
2600 25.83 1261.6 1157.0 0.834
2700 25.94 1278.0 1173.4 0.837
2800 26.06 1293.8 1189.4 0.839
2900 26.16 1308.7 120M4.6 0.8u1
;. 3000 26.25 1322.6 1219.2 -
-
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A would make a less-than-ideal standard for the measurement of
N transport properties.
o
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differences are probably due to systematic measurement errors

s
oS

)
»

rather than any real dependence of results on differences in

L. specimen material., Below about 1200 K, there i3 good agreement
between the data of Taylor and Groot [7], obtained by scanning
calorimetry, and the heat capacity values derived from the
relative enthalpy measurements by Ditmars (8].

Considerable differences exist among the values of
electrical resistivity for graphite reported in the literature,
and these appear to be related to rather large variations in the
density. For comparison, the curves in Fig. 3 have been labelled
with the room temperature density (in g-cm'3) of the specimen
material used in each case. As expected, there is an inverse
relationship between resistivty and density, i.e., the highest

— resistivities are associated with the lowest densities and vice-
versa., It may be seen that the resistivity values for our
specimen #2 and Taylor and Groot's specimen #1, which have
essentially the same density, are in good agreement.

Other measurements of hemispherical total emittance of POCO
graphite, such as those by Righini et al. [3] and by Cezairliyan

and Righini [4], yield values which are within 3% of the present

results. However the trends (emittance versus temperature) are

"‘ ',' o ."‘.

somewhat different,

\am ey
MR
[l

_ In summary, the present study shows that the heat capacity
E} of AXM-5Q1 POCO graphite is well characterized at temperatures up
%E to 3000 K, and therefore, this material would buv a suitable high-
o o temperature standard for heat capacity measurements, The large
Si o variations observed in electrical resistivity (as well as in

1)
N

a“\‘.x‘n

D)

2 o

thermal conductivity (7]), however, suggest that this material
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Final vaiues for the measured properties, as derived from
Eqs. (1)-(4), are presented a* 100 K intervals in Table I. The
values are based on the International Practical Temperature Scale
of 1968 [51].

Details concerning the estimates of errors in the measured
and computed quantities in experiments with the present
measurement system are given in a previous publication [2].
Specific items in the error analyses were recomputed whenever the
present conditions differed from those in the earlier publication.
The maximum uncertainties are estimated to be as follows: heat
capacity, 3%; electrical resistivity, 1%; hemispherical total
emittance, 5%.

Comparisons of our results for heat capacity and electrical
resistivity with other data on graphites of the same grade as
reported in the literature are presented in Figs. 2 and 3,
respectively. It should be noted that all investigaticns
labelled by AXM~-5Q1 involved specimens fabricated from samples
taken from the same lot of POCO graphite.

As may be seen in Fig. 2, heat capacity data obtained by
Righini et al. [3] at IMGC are about 1 to 2% lower than the
present results which, in turn, are approximately 1% lower than
values for AXM-5Q graphite reported by Cezairliyan and Righini
(4] at NBS. Limited measurements (described in the previous
report (6]) have also been performed at NBS on the same specimen
used by Righini et al., and have yielded results (not shown) that
are about 0.5% lower than the AXM-5Q data. The agreement among

the measurements at NBS therefore sugges.s that the observed




weight. Rather large differences (~10%) in resistivity values,
which seem to be related to the differance in dencity for the two
spécimens (see below), were found to exist. Therefore, the
results for each specimen were fitted separately by the least-
squares method. The functions which represent the final results
(standard deviation = 0.1%) for electrical resistivity of

specimens 1 and 2 in the range 1500 to 3000 K are

p = 1084.6 - 1.9940 x 10”" T + 1.6760 x 10™% T2
- 2.4896 x 10°8 T3 (2)
and p = 931.02 - 1.2587 x 10° " T + 1.3299 x 10°% 12

- 1.9673 x 1078 13 (3)

respectively, where p 13 in uQecm and T is in K. The respective
densities used in the computations were 1.706 and 1,744 g-cm_3.
Prior to the pulse experiments, a Kelvin bridge was used to
measure the electrical resistivity at "r;;m temperature” (292 K)
yielding values of 1,738 and 1,538 uQecm for specimens 1 and 2,
respectively.

The hemispherical total emittance was computed for each
specimen from data taken during both heating and cooling periods.
The function which represents the final results (standard

deviation = 0.3%) for hemispherical total emittance of AXM-5Q1

POCO graphite in the range 1700 to 2900 K is
€ = 0.7718 + 2.397 x 1072 T ()

where T 1s in K.
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earlier measurements were less pure than those used in the
present study, which may account partially for the lower melting
points obtained earlier. The depression of the melting point due
to the premelting effects of impurities in the present specimens
is estimated to be not more than 1 K.

Of the seventeen secondary reference points above the
freezing point of gold given in a recent extended l1ist [18], seven
are based solely on measurements by Cezairliyan and co-=workers
using a rapid pulse-heating technique. The agreement of the
present result with the assigned value for the nickel melting
point (1728 K), which is based on quasi-steady state experiments,
strengthens the foundation for secondary reference points at

R higher temperatures determined by dynamic techniques.
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TABLE I. Smoothed Heat Capacity and Electrical
Resistivity of Nickel According to Egs.
(1) and (2).

T Cp P

(K) (Jemo1™'.k™ 1) (uRecm)
1300 34.50 50.04
1350 34.99 51.éu
1400 35.48 52.43
1450 35.97 53.63
1500 36.46 54.83
1550 36.96 56.03
1600 37.45 57.22
1650 37.94 58,42
1700 38.43 59.62
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TABLE II. Experimental Results for the Melting
Temperature of Nickel

Specimen Heating rate? Number of Melting temp., Stand. dev.

number (K-s1) temp. at (K) (K)
plateau

1 2570 84 1729.9 0.4

2 2560 68 1728.9 0.4

3perivative of the temperature versus time functions (at
approximately 30 K below the melting plateau) obtained by fitting
the temperature data before melting to a quadratic function in
time with the least squares method.
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2. High Temperature Enthalpy Measurements
D. A. Ditmars, Principal Investigator

a. Relative Enthalpy of Hexagonal and Cubic Boron Nitride
Between 273.15 and 1200 K.

b. Aluminum: Derivation of C, from Cp and Comparison to
o

CVo Calculated from Anharmonic Potentials.
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. a. Relative Enthalpy of Hexagonal and Cubic Boron
Nitride Between 273.15 K and 1200 K
by
David A. Ditmars

Abstract

The relative enthalpy of the hexagonal ("graphitic") and cubic
("diamond-1like") polymorphs of boron nitride has been measured between
273.15 K and 1173.15 K. The enthalpy data have been fitted with polyno-
mial functions by a least-squares method. The derived specific heat
functions agree well with the literature low-temperature data on boron
nitride.
Introduction

Boron nitride i{s a refractory compound which finds application in
high-temperature technology in pure form as a structural material. It
also shows promise for development as an additive in the thermal tough-
ening of ceramic composites. It exhibits two principal polymorphs, a
layered hexagonal phase isomorphic to the graphite structure and two
so-called cubic phases roughly isomorphic to the diamond structure, stable
at high temperatures and pressures and existing, like diamond, in a
metastable state under ordinary conditions. The current status of our
knowledge of the BN phase diagram is apparently still that presented by
Bundy and Wentorf [1], the first investigators to synthesize cubic BN.
Specific heaﬁ data on any of the BN phases is scanty, the low-temperature
reglon being represented for the hex and cubic phases by single data sets
on samples of {ll-documented purity [2,3]. No heat capacity data for the

cubic phase above 1000 K was found. We have undertaken the present
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measurements in order to more adequately define the high-temperatuye
thermodynamic functions of the BN phases. This is a preliminary report on

our measurements up to 1200 K.

Samples

A sample of dense, pressure, annealed, pyrolytic hexagonal BN in
solid disc form was obtained from the Union Carbide Corporation through
the courtesy of Dr. A.W. Moore. The cubic BN was obtained from the Van
Itallie Corporation, N.Y., in the form of a high-quality industrial
abrasive, 60/80 mesh "Borazon." Both samples were examined by semi
quantitative spectrographic analysis and both showed the following
fmpurity concentrations (wt percent): < 0.01%: (Be), < 0.02%: (Ag, Cu, K,
Li, Mg, Na, Ti), < 0.05%: Al, Ba, Ca, Cr, Fe, Mn, Mo, Ni, Sn, Sr, V, Zr).
The "hex" sample showed < 0.05% Si, but the cubic sample was unusually
high at 0.2% Si. Structural analyses on the samples are not yet complete.
The hex sample was machined in wafers of 0.5 in. diameter and 0.06 in
thickness. Several of these wafers and a quantity of the crushed cubic BN
were sealed in separate Pt-10Rh capsules of nearly identical mass under -~

13 kP helium gas pressure.

Method

The enthalpy, relative to 273.15 K, of each sample (plus encap-
sulation) was measured in a precise isothermal, phase-change calorimeter
over the temperature range 373-1173 K. The method has been well-docu-
mented previously [4,5]. Two or three measurements were made at each of
nine temperatures distributed at equal temperature {ntervals to check the
precision of measurement. In addition, an earlier series of enthalpy
measurements on an empty Pt-10Rh capsule nearly identical to those used to

encapsulate the BN samples was available [6]. The sample enthalpy data

PR R I

- N W
. R N o . .
L N AP ST P NPy D¢ IR L WL VR R

ERIEA

. )




LA B A aen han 0o ke e A W o 24 At SSa Sl et i ot b anis il SiL el Wl AL AN o R AN

...........

were obtalned by subtracting from the measured sample plus capsule

enthalpy, that of the encapsulation alone.

Small corrections (< 0.05%)

were made to the measured enthalples of the encapsulated samples to

account for the small mass differences between the capsules used and the

empty capsule. The following sample masses were used: hex, 8.88584 g

(0.3580589 mole); cubic, 10.19105 g (0.4106529 mole).

Table 1.

T/K

(Hy -

Enthalpy Data for Hexagonal BN1

372.812
372.770
372.741

423,482
423.481
423.466

473,601
SR 473.364
~ 473.305
573.297
572.986
572.980
673.361
673.211
673.235

873.03
873.20

973.74

1073.52
1074.15

1174.28

! M.W. = 24.8167

31

5973_15)/J ﬂ‘lOl-‘I

2122.57
2122.55
2119.03

3446, 71
3443,08
3443.50

4899.32
4890.22
4885.42

8140.30
8129.86
8128.23
11772.80
11767.1
11767.35

19818.89
19820.50

24167.78

28602.34
28634.84

33182.82
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Table 2. Enthalpy Data for Cublic BN1

/K (Hy = Hyg3 15)/d mo1”!
372.186 1785.53
473.056 418,12
472.882 | 4409.13
571.385 7571.79
673.296 11292.95
673.211 11294.05
773.374 15266.30
872.97 19468.13
873. 44 19496. 40
973.72 23908.10

1073.52 28430, 45
1073.56 28428.13

1174.35 33097.86

1 M.W. = 24.8176

The net measured enthalpy data for the hex and cublc phases are

presented in tables 1 and 2, respectively. These were fitted with the

following model:
(Hp - Hy3.95) = At3 + BtZ + ct + D(t/T) (M f
where H = enthalpy in J mol~"
t = Celsius temperature
T = Kelvin temperature.
The coefficients and the residual standard deviation (o) of the fits are

given {n table 3.
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which is obtained from the second rank tensor o8 derived from the Morse
potential.

The closed loops appearing in diagrams Z(a), 3(a), 3{b), 3(c), a. . 3(d)
involve a single BZ sum which has been evaluated with 108,000 points in the
whole zone. The other diagrams [2(b), 3(c), 3(d), 3(f)] in which the phonon
lines connect the different vertices have been evaluated with 500 wave
vectors in the whole zone. We have used a combination of 215 odd and even wave
vectors in the calculation of diagrams 3(g) and 3(h), and finally the
diagram 3(e) has been evaluated by the plane-wave method as given in
Shukla and Wilk [22]. We will omit presenting the rest of the details of
the calculation of the diagrams as they can be obtained from Shukla and

Witk [22].

The harmonic contribution to Cv is calculated from the well-known

0
formula
h > . 2 -+,
- w(qJ) 2 Mw(aj)
Cvo kg E (gk_BT_) Cosech (b—kr) (1)
ql

where w(3j) is the phonon frequency for the wave vector 3 and branch index j.
In the work of Shukla and Plint [1] the above expression was evaluated
numerically by performing the 3 summation for a large number of points in

the Brillouin zone. It was noted by Shukla and Plint that the three term
high temperature expansion (T>eD) gave the same results as Eq. (I1) in the

temperature range 550-900 K. In the present work we are able to evaluate

4b
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O(Aaeenary)
= E§%7Z 2' y . 8. .y (lﬁil) e () es(xz)...eY(xn)

[l-exp(iai-ﬁﬂ)] (9)

where M is the atomic mass, §£ a vector of the direct lattice and ea(xi)
(i=1,...,n) are the components of the eigen-vector E(xi). The prime over
the 2 summation indicates the omission of the origin point.

The calculation of the diagrams presented in Fig. 3 is extremely
complicated because of the multiple Brillouin zone (BZ) sums as well as

the summation over the neighbours and the tensors o So far, they

B..y"
have been evaluated only for the Lennard-Jones nearest neighbour inter-
action potential for the fcc crystal by Shukla and Cowley [10] and Shukla
and Wilk [22].

To get some idea of the magnitude of F to O(x4) in A2, here, we have
chosen to calculate the above eight contributions for the Morse potential.
Recently the nearest neighbour interaction Morse potential has been used
successfully in the calculation of the thermal expansion and other thermo-
dynamic properties by Shukla and MacDonald [23] and MacDonald and MacDonald [24].

The Morse potential with its parameters D, a, and o for Az is defined

by (23]

o(r) =D {exp[-2a(r-ro)-2exp[-a(r-ro)]} (10)

12

D = 0.6369x107' % erg, a = 1.1611(A)77,  r_ = 2.8485A.

The tensors g needed in the above calculation of the diagrams of

Beoay
O(xz) and 0(x4) are obtained by differentiating the above potential. The
»(qj) and €(3j) are obtained by diagonalizing the dynamical matrix DQB(E)

a5

..........

........
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+ 2%V 3 4

= AV +xv5+xv6 (7)

Ha = M3 a
which is obtained by expanding the potential energy in powers of the atomic
displacement and truncating the expansion after the sixth degree term. The

eight contributions to F of 0(A4) arise from the V., V

6> Va~Var V3-Vss V3-V3-Vy,
and V3-V3-V3-V3 interactions in the first, second, third and the fourth order
perturbation theory, respectively. In the diagrammatic language, these con-
tributions to F have been derived by Shukla and Cowley [10]. It should be
noted that there are two distinct contributions or diagrams for each of the

v V4, V3-V3-V4 and V3-V3-V3-V3 interactions, whereas there is only one

.
distinct diagram for the V6 and V3-V5 interaction. We present these diagrams
and the two lowest order xz diagrams in Figs.(2) and (3), respectively.
Symbolically they represent the various phonon lines connecting the different
vertices Vn(n=1,2,...6) for the different combinations listed above. In the
high temperature limit, their contributions to F are listed in Tablell, where
the meaning of the various symbols is as follows: i is the Planck's constant
divided by 2n, B=(kBT)'1, kB is the Boltzmann constant, w(Xi) is the phonon-

frequency for the mode Ai=(aiji), a is the wave vector and ji is the branch

i
index, and in general the V function is defined by

VO aeeear) = D N2 0@ e )
n !
x (" ) 00, (8)

where N denotes the number of unit cells in the crystal and A(E]+32+...an)=1
if the argument of the A function is a vector of the reciprocal lattice

(including zero) and zero otherwise. The ¢ function is defined by

14
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For any of these curves the portion above 3 R must be accounted for
by invoking the anharmonic and vacancy contributions to Cvo. To separate
these two contributions we need to calculate all the anharmonic contribu-
tions to Cvo and then the remainder is the vacancy contribution because

there are no other excitations which contribute to Cv in the temperature
0

range 700-950 K.

First let us examine the anharmonic effect which can be evaluated
either by the lattice dynamics method (i.e. the perturbation theory (PT)
or the self consistent phonon theory) which is valid for all temperatures
or by computer simulation techniques such as the Monte Carlo or Molecular

Dynamics methods which are usually applicable in the classical high temper-
ature limit (T>OD, where oD is the Debye- temperature). Among these methods

- so far, only the perturbation method has been appiied in the calculation of

- Cvo for A2 by Shukla and Plint[1]. Their calculation was carried out employing
the lowest order perturbation theory which requires the numerical evaluation
of two terms in the Helmholtz function (F). These terms arise from the
cubic and quartic terms of the Taylor expansion of the crystal potential
energy (V(r)).

If we denote the perturbation expansion parameter by i, defined by the

ratio of a typical root mean square atomic displacement and the nearest

2
neighbour distance, the lowest order PT contributions to F are of o(r )

and their contribution to Cv is proportional to T in the high temperature

)
limit (T>®D). Since our "experimental" Cv indicates an upward curvature,
0
it is necessary to look for additional anharmonic contributions to Cv
0

which vary as TZ. In fact it has been shown by Shukla and Cowley [10] that all

49;: the T2 contributions are given by the PT of O(Aa) which requires the numerical

evaluation of eight terms in F. The anharmonic Hamiltonian (HA) is given by
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?gj; The resultant entropy, Sv » was subjected to a smoothing procedure.

0

Finally the specific heat at the 0 K volume, Cv = T(dSv /dT), was obtained
0 0

by four point differentiation and smoothing of the results.

The difference quantity Cp-Cvo was then determined as a function of

| temperature and used to obtain reduced values of Cvo from literature Cp

data for comparison purposes. The Cvo values are summarised in Table I.
Figure(1) shows the values of Cvo reduced from the new experimental

data [2] and the values reduced from literature Cp data [3,4,5]. The results

of the present work show a steadily increasing specific heat with upward

curvature from 550 K that reaches 3R near 775 K. As found in

previous work [1], there is a wide discrepancy between the CV values
0
obtained from the Cp results given in refs [3,4]. The Brooks and Bingham

data give a Cv that reaches 3R near 625 K and shows a marked upward

0
curvature for T>700 K. Leadbetter's data give a Cv that never reaches
0
3R. The apparent decrease in this Cv after reaching 5.82 cal mo]‘l
0
at 700 K may be a consequence of errors arising from the end point of the

K-l

range of specific heat measurements near 750 K.

The results from Takahashi's data are similar to those obtained from
Leadbetter's data to 650 K but increase steadily with increasing temper-
ature above 650 K. The graph does not reach 3R by 850 K. The Cvo curve
from Takahashi's datais essentially parallel to that obtained from the new

data but consistently lower over the entire temperature range shown in

Fig. 1.
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The isochores were almost straight lines. The slope of each isochore

! for the temperature range 400s<T7<900 K was obtained by a linear regression.
The set of values of (ap/aT)v thus found was used to evaluate the integral

\ in Eq. (1) to obtain So

! As a second step the electronic contribution [18] to the entropy at
the 0 K volume was subtracted. Here we have not followed the customary
approach of representing the electronic specific heat, Ce, by Ce = ~T

l where the coefficient y is obtained from the low temperature heat capacity

measurements. For Af, y is known from the low temperature specific heat

measurements of Phillips [19]. However, whether one should use this value

- of v in the analysis of the high temperature (T>eD) heat capacity is

questionable because of the temperature dependence of the electron-phonon

contribution to v.

There are sevcral contributions to y arising from the free-electrons
(yo), the electron-phonon interaction (y](T)), the electron-electron inter-

action (yee) and finally the band structure effects (yB(T)). The sum total

.S e e e

of these contributions to Ce is given as
Co = [vg *+ Y(T) + vge * v (T)1T (6)

. The theoretical.calculation of y](T) by Grimvall [20] indicates that in the
high temperature limit (T>eD), y](T) does not contribute. In detail the
temperature dependence of yB(T) is not known at this time. However, we

can have some estimate of g and Yee (a small contribution) from the work

of Ashcroft and Wilkins [21].
Since the harmonic and anharmonic calculations reported in this paper

SO have been performed in the high temperature 1imit, we represent C, by

1 -2

(ya + vo)T with yo = .06 v [21], So that C./T = 2.438 x 10”4 cal mo1™' K¢,
0 B B 0 e
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I1. Reduction of Cp to Cv and anharmonic calculations of order AZ and A4

o

The correction from cD to Cv was made by, first, obtaining the entropy
0

So = S(VO,T) at the 0 K volume from the experimental entropy Sv = S(V,T) [2]

measured at constant pressure p, using the relation

S = Sy - { (gg) dv )

The isochores required for the evaluation of the integrand were generated

from the Murnaghan eguation [ 9]
v, W
b - Py = 7 |G "} (2)

in which v, and v, are the volumes in the states (p],T) and (pZ’T) respectively,
B is the isothermal bulk modulus in state (p],T) and W = (aB/ap)T at 7. In
making the calculations the isothermal quantities B and W were derived from

the corresponding adiabatic quantities Bs and NS by the standard formula
1/8 = 1/8 + TVez/cp (3)

and the result of Overton [11]

=
1]

W+ Z (1-23'/Be-zws) +zz(ws-1-s'/sz) (4)

~
1]

TVBZB/Cp (5)

in which B=(%](%¥) and the prime denotes differentiation with respect to
temperature. P
The data sources used for the quantities S,V,BS and ws were:
8,V(T<300), Fraser and Hollis Hallett[12] and Gibbons [13]
8,V(T>300), Simmons and Balluffi [14]
BS(T<3OO), Kamm and Alers [15]

BS(T>300), Gerlich and Fisher [16]

NS, Schmunk and Smith [17]
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- o for finding E(T) always produces a positive correction term [8]. To
;{ avoid the difficulty mentioned above in At we have converted Cv to Cvo
- by an alternative method using the Murnaghan equation [9]. This
Eﬁ procedure yields satisfactory results.
‘f Qur earlier theoretical calculation [1] of Cvo was carried out
f; employing the lowest order (cubic and quartic) anharmonic perturbation
ii theory [O(Az)]. It was not known if the contributions from the higher i
' order perturbation theory, i.e. of O(Aa) are significant in A:. In this
8 paper, in addition to the xz contributions to Cv , we will also calculate
%5 the higher order perturbation (x4) contributionsoto C, [10] from an
effective Morse potential. We hope from this ca]cu]at?on to find the
relative importance of the AZ and A4 contributions to Cv .
Rt A summary of the theoretical calculations and the rgduction of the
- h new experimental data is presented in Sec. Il where we note a Sharp
;; contrast in the behaviour of Cvo for Ay determined in Ref. 1 in compar-
- ison with the previous measurements [3,4]. The agreement between the
- theoretical and the new experimental values of Cvo(T) is more than satis-
Ei factory in the range 400-900 K. The calculation of the . contributions
;g to Cv is also presented in Sec. II. The numerical results and discussion
?E are coztained in Sec. III and the conclusions of this work are presented
&% in Se~. IV.
o
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Aluminum (II):Perivicion of C,__from Cp and comparison to
6
Cv calculated from anharmonic models

0
R.C. Shukla', C.A. Plint', and D.A. Ditmars’

I. INTRODUCTIZN
Ample justification to have a definitive measurement of the specific

heat at constant pressure (Cp) of Ag in the temperature range 273 K to
933 K came from the recent work of Shukla and Plint [1]. The preceding
paper [2] presents just such a Cp measurement. In this paper, we present
a theoretical analysis of these specific heat results, as well as those
of Leadbetter [3], Brooks and Bingham [4], and Takahashi [5]. There are
several steps in the theoretical analysis that must be completed before

the new Cp data can be compared with theory. In fact the theoretical cal-

culations are carried out for C, =C_ (VO,T) which ropresents the specific

o 0
heat at constant volume reduced to the volume V0 appropriate for 0 K. In
the previous work of Shukla and Plint [1] the reduction from Cp to Cv

0

was carried out by the Slater-Overton [6,7] procedure.

The reduction of the present experimental Cp(T) data together with
those of Brooks and Bingham [4], Leadbetter [3], and Takahashi [5] to
CVO(T) has been modified from that described previously [1]. For alum-
inum the Slater-Overton procedure [6,7], when extended to 900 K, produced
an oscillation of the correction term E(T) = CV-Cvo where CVECV(V,T)
from positive to negative (500-600 K) and back to positive above 600 K.
The anharmonic correction E(T) is small for aluminum and the unphysical
oscillation may represent the effects of the approximations of the Slater-
Overton procedure and of the uncertainties arising from the assumed

thermal expansion and compressibility data. For the alkali metals, which

have a much larger anharmonic correction, the Slater-Overton procedure

1. Physics.Department, Brock University, St. Catharines, Ontario,

- o

L2S 3A1, Canada.
2. National Bureau of Standards, Gafthersburg,MD 20899
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Coefficients of fit to hex and

c
D

0/J mol”!

Table 3

hex BN
-7.953294E-06
+2.229104E-02
+2.511515E+01
-2.267366E+03
8.60

cubic'BN enthalpy data
cubic BN
-8.36U4759E-06
+2.278997E- 02
+2.637653E+01
-4,000692E+03

12.25

The specific heats derived from these functions have been compared with

some existing literature data in figures 2 and 3 and indicate a reasonable

agreement with the low-temperature data.

Smooth-merging of the present

and the low-temperature data as well as extension of the measurements to

higher temperatures in another calorimeter are in progress.
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this expression analytically for the central force nearest neighbour model

of the fcc crystal.
The high temperature (hw(aj) <1) three term expansion of C h is
2Kl v

kB 0
h > 2 -+, 4 -
_ 1 Aw(qj) 1 holqj)
%, " ke 2 -3 Coigr) * 15 Cor) * oo ] (12)

qJ

Therefore to evaluate this expression analytically we need to evaluate
the sums ) mz(aj) and ) w4(3j). These sums can be evaluated from the

4 43

following eigenvalue equation

] 0,(@)e,(d5)=u"(@5)e, (E) (13)

B _
where DQB(E) are the elements of the dynamical matrix and €(3j) is the

eiaenvector for the mode 3j. Omitting the details we find the following

2

(¢(l+ ?

4
“+ 2
)

¢ M =3nkgl1- 4 (*‘)2( 4 2004 e (¢ 6')%] (14)
vy VT Em UgT TR T e beT

where ¢' and ¢" are the first and second derivatives of ¢(r) which are

evaluated from equation (10).
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IITI. RESULTS AND DISCUSSION
The numerical results for all the diagrams of O(Az) and O(A4 for
the nearest neighbour Morse potential are presented in Table III. It

is interesting to note that among the A4 diagrams the contribution from

3(b) is close to that of the total F(x3). In fact the sum total of 3(a)

and 3(b) is only 2.5, lower than the tc*al F(A4).

A detailed calculation of the harmonic and anharmonic (xz) C,
0
indicates that although the contribution to CV from F(x4) is three
0
times larger than that of F(AZ), it is not sufficient to account for the

2

upward curvature in Cv . The total contribution (1“ and A4) from the

Morse potential is ver; similar to that of the two other pseudopotentials
(Ashcroft and Harrison point ion).

We present in Table IV and Fig. 4 the values of the total Cv » harmonic
plus anharmonic, to O(Az) calculated for the three pseudopotentigls used in
ref [1] curves 1,2,3) and for the Morse potential, with the anharmonic
contribution to O(AZ) (curve 4) and to O(AZ) plus 0(A4) (curve 2). Only the
DRT potential gives a Cv that rises above 3R while, at best, the Harrison
and Morse (to 0(x2) + 0(34)) potentials give a Cv that approaches 3R at
900 K. °

From the results presented in Table IV it is interesting to see the
results of Cvo obtained from the nearest neighbour (harmonic as well as
the anharmonic) Morse potential being so close to the Ashcroft (a sixth
neighbour harmonic and anharmonic interaction) and Harrison point ion
(13 neighbours harmonic and 8 neighbours anharmonic interaction) pseudo-
potentials. The latter two potentials have a much more sound theoretical

basis than the Morse*potential and involve a large number of neighbours

LRl adeat iy« e~ 4 gl
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in the harmonic and anharmonic calculations.

In Fig. 4 we also present the reduced Cv values obtained from the
0
new experimental data (curve 5) which exhibits an upward curvature for

T>550 K and rises above 3R near 800 K. Since none of the calculated

curves show any upward curvature we have corrected the experimental Cv
0

vac

for a vacancy contribution C using the expression

€13 = (Nkg) exp(aS/kg) (£/kgD)? exp - (E/kgT)

where E and 2S are the energy and entropy of formation of a single vacancy,
respectively. We use £ = 0.66 eV [25] and estimate that (AS/kB)=1.8 on
the ground that the corrected Cv -cvac

0
erature derivative. Curve 6 in Fig. 4 was obtained with (AS/kB) = 1.4

should not exhibit a negative temp-

The vacancy contribution is evident at 600 K. The agreement between this
curve and the calculated values for curves 2 and 3 is very satisfactory.
While curve 6 lies below the curves 2, 3 over the entire temperature range
5005T<900 K the difference between them is only about .5%. After correc-
tion for vacancies the experimental Cvo does not reach 3R by 900 K.

It should be noted that variation of the quantity W, Eq. (3), by 10%

to allow for experimental uncertainty in its value makes a change of less

than 0.2% in the reduced values of Cv
)
e A comparison of the sets of values of the reduced C, obtained from
0
previous experimental data (3,4,5] with the calculated values does not

alter previous conclusions [1]. The results of Leadbetter [3] and of
Takahashi (5] gives curves of Cvo that fall below the lowest of the calcu-
lated curves, even without correction for vacancy effects from 600 K. The

g! [g%*f results of Brooks and Bingham [4] give a curve that lies well above the

S; DRT curve for most of the temperature range and for which a reasonable

-

.
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vacancy correction does not bring about significantly improved agreement

with any of the calculated curves.
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IV. CONCLUSION

The new Cp data reported in the preceding paper [2] has been reduced
to Cv using the Murnaghan equation. The lowest order anharmonic contribu-

)
tions are evaluated from a nearest-neighbour phenomenological Morse

potential and several pseudopotentials. The contributions of the higher

order perturbation theory anharmonic terms to Cv are evaluated for the
0
nearest neighbour Morse potential. It is concluded that the vacancy

contributions to Cv are more important than the higher order anharmonic
0

terms. After removal of the vacancy contribution from Cv , obtained from
0

the new Cp data, excellent agreement is achieved between the theory and

experiment. Also it is shown that the Morse potential results for Cv
0

are just about the same as those from the more sophisticated Ashcroft and

the Harrison modified point ion pseudopotentials.

The new experimental research which the present work interprets
was supported in part by the U.S. Air Force 0ffice of Scientific

Research.
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Table I.
Temp. (K) Cvo (cal mo1=1 k-1)

DPS L 8 T
z 400 5.665 5.598 5.664 5.580
- 450 5,735 5.655 5,752 5.648
i 500 5.780 5.732 5.814 5.703
550 5.814 5.762 5.868 5.756
* 600 5.839 5.798 5.922 5.794
= 650 5.870 5.814 5.979 5.815
F! 700 5.900 5.824 6.052 5.826
tt? .: 750 5.936 5.798 6.123 5.866
L L 800 5.974 6.206 5.904
P 850 6.013 6.320 5.931
“, 900 : 6.060
)

DPS - this work, L Ref [2], B Ref [1], T Ref [3].
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S TABLE ],
2Ry
. High temperature limits for the various contributions to the free energy.
Diagram High Temperature Limit
.I 2a 3.,,2,27) VO =A, yAns=As)
G5 1'%
B 1°72 w(kl)w(xz)
Ay Aqsha) |2
| _3 23] V(dye220%3
! 2b g2 T Al o e e
j: w( l)m( ) u( 3)
i 3a L (1%)3 ) OO TLP B P ILE RS
m(Al)m(kz)w(k3)
| = 36 (2,4 ] VA=A a2 gdVERgamhgad0mdy)
3 gl & S U TLE T
w(kliw(kz)w()‘:i)m()\“)
! 3 X M IS G Kk U b S s KR
i 8 1'%2°%3%
: w(kl)w(hz)w(h)w(ka)
)
: y 108 2,3 ) V(Al.AB,A“)V(-Az,-A3,-A‘)V(-x1,xz,xs,—x#
53 B X g0
m()\l)w(kz)w(k:;)w(ll‘)w(ks)
12 2,47 SRS RIL
3e -3 @
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why)wR,)e(ydu,)
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d

E
_Dusrm High Tempersture Limit
?‘ - 1 )6 I V(xl.xa. b)v(-xl' si G)V(Az'-x3.~x‘)V(-A2.-AS.-A6)
' 3f -3 G
| a3 & VS VG R VA e W8
) U(ll)w(lz)w(k:,)w(’\4)w(ks)u(A6)
! 39 108 (3{ ): vy, AGIV(=A147R 5V (=hg,=A =2 ,)
g3 Apraadgnd iy
w(kl)w(kz)w(A3)w(ka)m(2\5)
i 4 267 VO A V(A WAV, <A AV =A 4=k =2 )
- 3h - ? G X P Agehgad ahgadg
w(Al)w(J\Z)u(X3)u().4)w()‘5)w(16)
I e




TablelIII. Anharmonic contributions to the Helmholtz free energy.

and 2(b) are in units of N(kBT)2x1012

units of N(kBT)3x1024erg'2.

erg

and the diagrams 3(a)...3(h) in

Diagram
F(2(a))
F(2(b))

Contribution

0.38012
-0.40767

Total F(3?) =-.02755 N(k,T)%x10'Zerg™

F(3(a))
F(3(b))
F(3(c))
F(3(d))
F(3(e))
F(3(f))
F(3(g))
F(3(h))

Total F(\%) = -0.20249

erg”

.01742
.21506
.38556
.60435
.34431
.50573
.74463
.11823

2
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Figure 1. Reduced specific heat of Al at 0 K volume (C, } versus
o

temperature (T).& :from smoothed data of Brooks and Bingham[4];

@®:from smoothed new data [2];8 :from smoothed data of Takahashi

[5};O:from smoothed data of Leadbetter [3].
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Figure 2. Diagrams of order A (cf. text).
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The adiabatic vibrational wavefunctions a:(R) and eigenvalues Eg in Eq.
(9) are obtained as solutions of the following equation,

a

[T+ (6002 + Vyol as = E; a, (i3)

and to lowest order in y(R) Eq. (9) is found to reproduct the perturbative
results in Eq. (6) and (7). However, our numerical results will
demonstrate the validity of the adiabatic theory to much higher order.
Ultimately the utility of Eq. (9) is determined by the smallness of the

phase-derivative,

A(R)AV'm(R) - A'(R)Vg1(R)
[A(R)I2 + 4[Vg, (R) 12

¢'(R) = (14)

which, to first-order, determines the adiabatic off-diagonal coupling.
This also appears as a second-order correction (radial Born-Oppenheimer
term!) in Eq. (13) and introduces small but quantitatively significant,
always positive, corrections to the adiabatic eigenvalues E:. In this
study we have applied the adiabatic theory to the models postulated by
Innes [8] to explain vibronic couplings in Formaldehyde and Propynal. As
implied in Eq. (1) we are only allowing a single active vibrational mode,
with displacement R, to couple the two states. Both Vo and ¢y now contain
a common set of frozen vibrational wavefunctions with identical quantum
numbers and we have merely treated the polyatom as a pseudo-diatom. We
could of course unfreeze two coordinates, say R; and R,, and postulate a
set of interaction potentials Vnq(Ry,Rp), Vq1(Ry,R3) and Vgq1(Ry,R3),
together with a pair of kinetic energy operators Ty(R;) and Ty(Ry). This

would give rise to the Duschinsky effect [9] and we believe the adiabatic
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" where fg belongs to the set of vibrational wavefunctions generated by the
attractive potential VOO(R),

o 0

[t + VOO(R)] fg = En fn . (5)

To first-order in V5, the radial function G for the distant state in Eq.

(1) is approximated by [6,7],
0 0
G(En,R) = (VIO/A) fn (6)

and the second-order eigenvalue is given by

Ocondy o 50 _ Oy 2 0
En(2 ) = B <fn|v01/43|fn> . (7)

Unfortunately, unless the ratio

y(R) = 2Vg,/a (8)

is very much less than one, the zero-order Born-Oppenheimer function fg
gives a very poor description of the exact F function in Eq. (1) and hence

-— Eqs. (6) and (7) will be in substantial error. We will show how this can
be vastly improved by using adiabatic theory.

Basically we will replace Eq. (4) with the approximation,

[E> = [ED> = &, a (R) (9)
where the adiabatic eigenstate

§q = C0sd(R) wg - 3in¢(R) vy, (10)
is defined by the R-dependent eigenphase ¢(R) where,

tan 2 ¢(R) = y(R) . (1
This is of course the eigenphase which diagonalizes the diabatic
interaction matrix VW(R) and yields the adiabatic potential

VQQ(R) = VOO - V01 tan ¢(R) . (12)
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given, and we shall use this system to demonstrate the usefulness of
adiabatic theory in describing distant perturbations in molecular
spectroscopy.

We have previously discussed [3] the role of adiabatic
electronic-rotational (AER) states in diatomic spectroscopy, where Vo and
V1 represent pure electronic-rotational states constructed in some
appropriate Hund's coupling scheme. Further we have already made explicit
application of AER theory to describe the effects of distant perturbations
in inelastic atomic scattering [4]. In that case E was continuous because
it exceeded the dissociation energy limit E > Vgg(=). Actually the Yo and
¥y states were constructed in pure Hund's case (e) since these are
equivalent to proper atomic scattering channels [3]. We also treated
predissociation where channel ¥y was open and channel y; was closed [5].
Here we want to explicitly apply AER theory to pure bound state
spectroscopy where E < Voo(m) and both channels are closed. Also we shall
remove any restriction to diatomic molecules and actually apply AER theory
to vibronic coupling in polyatomic systems.

By a distant perturbation we imply that the state V4 remains
classically inaccessible for all intermolecular displacements R which can
possibly contribute to the radial function G(E,R) at the total energy E.
This requires V,,(R)>E in Eq. (3), or equivalently,

A(R) = V44(R) - Vgg(R) > E - Vgo(R) . (3)
all R

This means that, in the absence of any V01 coupling, we would be permitted

to replace Eq. (1) with a pure Born-Oppenheimer wavefunction,

0 0
|E> = lEn> = ¥ £(R) (4)
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1. INTRODUCTION

We consider the strong coupling of a given molecular state Yo(r,R) to
an energetically distant state ¥1(r,R) such that the total wavefunction at
total energy E must be represented as follows,

E > = yo(r,R) F(E,R) + ¥4(r,R) G(E,R) . (1

A particular radial coordinate R in the molecular Hamiltonian H(r,R) has
been isolated for special consideration, and r is meant to represent the
composite of all remaining degrees of freedom. Thus Vg and ¥y are but two
of an infinite set of states which span the space of r. We generate a
pair of coupled equations for F and G by imposing the condition (H-E)I|E> =

0 and operating from the left with Vg and Yy followed by an integration

over r,
(T + Voo(R) - EJF + Vo«l(R)G =0 (2a)
(T + Vy,(R) - EJG + Vyo(R)F = © (2v)

Note that the functions Vg and y4 may contain an implicit dependence on R
and will not in general commute with the radial kinetic energy operator

T = -32/332. Thus the 'potentials' may actually contain momentum
operators which are required to operate on the F and G functions. For
present purposes it is adequate to assume that we can neglect such radial
Born-Oppenheimer couplings (1], and thus we can also assume that the
off-diagonal coupling Vyy=V4q is both real and symmetric. By implication
our two state basis might be considered to be 'diabatic' although it would
probably be less confusing to avoid all the polemics such a designation

might generate [2]. Rather we are content to postulate Eqs. (1)-(3) as
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Adiabatic Analysis of Distant Perturbations: Application to

Herzberg-Teller Vibronic Coupling Theory

Frederick H. Mies
Molecular Spectroscopy Division
National Bureau of Standards

Gaithersburg, MD 20899

ABSTRACT

The simplest form of Herzberg-Teller theory involves the vibronic
coupling of a single mode between two energetically separated molecular
states. An adiabatic analysis of this system is presented which
incorporates the effect of the distant state without recourse to direct
summation over distant energy levels. The theory is compared to exact
numerical results for vibronic-coupling in Propynal and Formaldehyde. The
adiabatic eigenvalues are exceptionally accurate, especially if proper
radial Born-Oppenheimer terms are added to the adiabatic potential for
the ground state. The quality of the resultant amplitudes associated with
the distant state are adequate to represent any intensity borrowing
effects in the molecular spectra to well within 5%. The adiabatic theory
i3 quite general and can be used with equal force to represent distant
perturbations due to repulsive as well as attractive states, and without

any commitment to linear vibronic coupling models.
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ABSTRACT
The accurate evaluation of thermodynamic properties at elevated temperatures
requires proper analysis of the dissociated states of molecules. These continuum

states make substantial contributions to the molecular partition function Q and

,. e e e
f f Pirty
"" IR
. et
. R

result in significant modification of the equation of state and equilibrium

A

N constants for high temperature gases. Using formal scattering theory to
hé characterize the continuum wavefunctions associated with molecular fragmentation
2 we can derive rigorous expressions for Q. In particular this analysis includes
;i the effect of inelastic collisions among the internal states of the fragments.
- The inelastic effects are introduced by the off-diagonal elements of the
é! scattering matrix S(E) evaluated at each total microcanonical energy E.

Expressions are reduced to a simple form by using the eigenphases of the unitary
- matrix S to define the density of continuum states required in the evaluation of
Q. Further, if we employ the exact multichannel quantum defect type (MCQDT)
representation of the scattering wavefunctions we can arrive at a simpie
separation of the elastic and inelastic contributions to Q = Qe] + Qine]' This
!! MCQDT analysis also yields an unambiguous thermodynamic interpretation of any
predissociation levels that may lie imbedded in the dissociation continua.

Employing previously calculated S matrix elements for various two-state

- couplings we conclude that the inelastic contributions to Q are negligible.

ii: However, this is predicated on having made a proper analysis of the elastic

:;5 scattering potential as prescribed by the MCQDT analysis. Also the two channel

’? examples have special features which may not persist for more complicated
inelastic couplings.

B A
Bhihus N




| A e A e Sute Aate it Juta Ada Ao A iiee i An s -Sie il Ahe “Sle i - Sie N i MieSikit “AiR S~ Tl MG RIN S Ale SiarTie i e A4 e iy’ e chan —a futande R benbie Suar's b M B ENPEEENEIE FEN RS

THE THERMODYNAMIC EFFECTS OF INELASTIC AND STATE CHANGING COLLISIONS*

Frederick H. Mies
Molecular Spectroscopy Division
National Bureau of Standards
Gaithersburg, MD 20899

To be submitted to J. Chem. Phys.

*Acknowledgement: This work is supported in part by the Air Force Office of

Scientific Research, Contract No., AFOSR-I1SSA-83-00038.




AR Bl S bt ke M R i R Sl R aly - -

This merely requires knowledge of the rotationless molecular potential V(R). The
mathematical factors FB and FC are simply related to the incomplete gamma function
and enable us to partition the integral into separate contributions from the

bound (e < 0) and the continuum (¢ > 0) portions of phase space. All the
thermodynamic functions can be obtained once Q(AB) is evaluated.

As our final contribution to these studies we have written a computer code,
which is available to the thermodynamic community, to numerically evaluate the
classical partition function and its separate contributions from QB and QC' The
code requires as input the molecular potential V(R). Given V(R) the code also

evaluates the following two integrals,

1« = f?‘(v/ﬂeﬂe *aw (4)
N o VT
™ - [T\"(Wkﬂ e de. (5)

from which the first two temperature derivatives of Q can easily be constructed.
The separate bound and continuum contributions to these integrals can also be
isolated.

The code evaluates the equilibrium constant and AG® and AH® for the
equilibrium AB = A + B. It also tabulates the internal energy, entropy,
heat capacity and Gibb's energy function (G° - H298)/T for the species AB, using
our consistent thermodynamic scheme in which A and B are ideal gas atoms and all
molecular effects are incorporated into the bound and continuum states of AB.
The individual contributions of these portions of phase space to the thermo-

dynamic functions are tabulated.
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e.g., Q(AB) = QB(AB) + QC(AB)- At high temperatures we can use the classical
expressions for Q and obtain analytic representations of Q, QB and QC' Our
analysis is being assembled in the form of a report that will be circulated

in the thermodynamic community. If sufficient interest is generated we will
consider organizing a computer program which can generate all the thermodynamic
functions for such a system.

(4) Program for the Evaluation of the Classical Partition Function and Resultant
Thermodynamic Quantities for Diatomic Molecules at High Temperatures.

Overall, our thermodynamic studies have lead to two significant conclusions which
impact on the evaluation of high temperature thermodynamic data. First, we have
shown that a proper definition of a partition function for a diatomic molecule
AB must include both the bound and the continuum portions of the energy spectrum

-EW,T 0 -€
Q(AB) = 2 (2540 [ZC FTIRT *fdat A <f§‘] (1)
T v (4] L

The discrete sum in this rigorous quantum mechanical formula runs over the
true bound states of AB, e(v,J) < 0, when the dissociation energy is taken

to be at ¢ = 0. The integral over the continuum of asymptotic kinetic energy
states ¢ associated with each total angular momemtum state J encompasses both
the free and the metastable dissociative states of the system as reflected in
the energy-dependence of the elastic scattering phase shift n(e,J). Second,
we have shown that Eq. (1) is well approximated by the classical analogue of

Q(AB) in the simple integral,

Q(aB) = 4T f:oRl(c— VIRART l\ dR (2)

o _V/kT T _VIRT
S LHT[[ R e RRR + &-(e —OFL(?ZM? (3)
[2) o :
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However, this convenient separation is only valid if one makes very careful

and prescribed evaluations of the elastic scattering potentials consistent

with the analysis presented in this new paper. The abstract of the paper

is attached.

(2) Adiabatic Analysis of Distant Perturbations: Application to Herzberg-

Teller Vibronic Coupling Theory. The study is somewhat peripheral to our

dominant concern with dissociation continua and their contributions to high

temperature thermodynamics. However this paper addresses the problem of

describing the highly distorted vibrational states of polyatomic molecules

which can have profound effects on the density of states, and hence on the

molecular partition function. Of more l1ikely interest in our future research

is the effect of intensity borrowing of radiative oscillator strength due to

vibronic coupling. This phenomenon could be of significance in assessing

the interaction of molecules with intense laser fields. The abstract of this
- paper is attached.

(3) Modelling of High Temperature Equilibrium Using Square-Well Potentials.

To allow for the qualitative assessment of the influence of dissociated

states (including metastable states) on the resultant equation of state of a

high temperature gas we have considered the following set of equilibria

—_—
A2+Bzv——' 2 AB
RS

MB &=— A+8B

2B

By assigning an appropriate square-well potential to each species we can

T
. ‘l,ll.""
2@ e L

.

arbitrarily vary the degree of dissociation, and the relative contributions

of bound QB and continuum QC components to the molecular partition functions Q,

e

a ot N e
.

PUBAERERSRASLANES Ml

=

L
.v...
O
AN
I
.« .
D
L

.
!-"'

- -~ e
.

-

Y

b
A
i
L 64

-.- "',‘7#".\{‘._’_" A.--_'.'. Sl

. N - [
LA UL T I W s U o W . Y




Rlhe s S e "l '-_‘\".

3. CRITIQUE OF CALCULATED THERMODYNAMIC FUNCTIONS EVALUATED AT HIGH TEMPERATURES
Principal Investigators: Paul S. Julienne

Frederick H. Mies

Introduction

Over the past several years we have initiated several projects which addressed
problems of possible interest to the Environmental Resistance Materials Program.
Basically we considered the overall question as to whether there are any theoreti-
cal subtleties in the evaluation of high temperature thermodynamic data that have
been overlooked by the thermodynamic communities which could significantly modify
our assessment of equilibrium properties. This year we have attempted te bring
these various studies to a conclusion in anticipation of the forthcoming re-
direction of our efforts in support of the Spacecraft Survivability Program.
For FY 85 we shall initiate a task which considers the "response of small molecules

- to intense laser radiation,” and except for any requested applications of our
thermodynamic codes to problems of immediate interest to the Electronics and
Materials Science Directorate, we shall conclude our studies of high temperature
thermodynamics.

Progress During FY 84

Four separate tasks have been completed during this period. Two of these
tasks have resulted in manuscripts that are being submitted for publication.

(1) The Thermodynamic Effects of Inelastic and State Changing Collisions.

This work represents the refinement of our initial study of the role of continuum

[ and metastable states in thermodynamic calculations (F. H. Mies and P. S.

Julienne, J. Chem. Phys. 77, 6162-6176 (1982)) where we only considered the
effects of pure eleastic scattering. As intimated in previous reports, we
(@ finally conclude that the inelastic contributions to molecular partition

functions are negligible compared to the dominant elastic contributions.

---------
. .

----------
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..........................
....................



A LG AT A B AR N i B S 2B s e 2 B o e g e S el ek g b cade sk ot et ot e o |
'

-~ 1 | | |
600 700 800 900
TEMPERATURE (K)

Figure 4. Calculated specific heat of Al at 0 K volume (Cv )

versus temperature (T) for four potentials (curves 1-4) and

", reduced specific heat for two sets of new experimental data

(Curves 5,6). Curve 1 ( ):from Dagens, et al. potential [28];

Curve 2 (~=—~<:from Harrison modified point ion potential [26];

: Curve 3 (——e—):from Ashcroft potential [27); Curve 4 (—ees—:

:-:. from effective Morse potential [23] to 0(}1); Curve 5 (A ):

::.- from smoothed new data [2); Curve 6 (M ):Curve 5 data corrected

=

.‘ for the vacancy contribution to the specific heat. The e“fective

;"‘ Morse potential to 0()\2)4'0()\“) gives results that are

;—_" indistinguishable from Curve 2 at the scale of this figure.
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theory could be applied with equal force to this problem. However, in

this paper we shall only consider the simple one-mode coupling represented
by Egqs. (1) and (2).

In the next section we develop the adiabatic theory for two state
coupling. The simple model for vibronic coupling employed by Innes [8] is
solvable to arbitrary numerical accuracy following the diagonalization
procedures of Chappel and Ross [10]. In section 3 we compare our adiabatic
results to the exact results for Propynal and Formaldehyde. First wé
analyze the eigenvalues and find excellent agreement, especially if we
include the adiabatic radial Born-Oppenheimer (RBO) correction (¢')2 in
Eq. (12). We then assess the quality of the wavefunctions by comparing
overlaps of the exact and adiabatic radial functions and especially for
the borrowed component G. We conclude that the adiabatic theory would
reproduce any measurable intensity borrowing in these spectra to within
5%. Finally, in section 4 we discuss the implications and possible

applications of the adiabatic theory.

2. ADIABATIC THEORY
Associated with £, in Eq. (10) is a second adiabatic eigenstate,
Eg = sin¢(R) ypg + cose(R) uq, (15)
and together thesc represent an orthogonal transformation of our original

'diabatic' states. Thus we can express Eq. (1) in the equivalent form,

lE> = £4(r,R) AGR) + gg(r,R) B(R) (16)
where

F(R) = cos¢(R) A(R) + sin¢(R) B(R) 17a)

G(R) = -3ine(R) A(R) + cose(R) B(R) . (17b)




o= sT e xR B R T TR TR e R R s e M R AR A R T T R TN T N Y A T N W IR N A T L WU N I N O WU T O WL WU W OWOWT Wy T

In place of Eq. (2) we obtain a set of coupled equations for the adiabatic
radial functions A and B,

[T + Vyq(R) + ($')2 - EJ A + PygB = 0 (18a)

[T + Vgg(R) + (¢")% - E1 B + Pgh = 0 (18b)
Our hope is to find a transformation which minimizes the off-diagonal
coupling operator P g {n Eq. (18) such that we can neglect the
contributions of B(R) in Eq. (17).

Throughout this paper we shall employ reduced energy and distaﬂce

units such that the radial kinetic energy operator simply equals,
T = -32/3R% = - — — (20)

Further, we will scale the displacement such that R=0 coincides with the
minimum in VOO(R) and we will scale the energy such that the zero-point
energy of the n=0 ground vibrational level in Eq. (5) exactly equals 1/2.
Thus when we approximate Voo = RZ/U as a pure harmonic potential in the next
section the unperturbed eigenvalues from EqQ. (5) will be located at E: =
(n+1/2) as shown in curve (a) of Fig. 1.

We have already assumed that the states Vo and yy commute with the
operator T, and all interchannel coupling originates from the symmetric
potential matrix element Vo,(R) in Eq. (2). At the opposite extreme we
can choose the R-dependent phase ¢(R) to insure that the potential matrix
V is perfectly diagonal in the new representation defined by Eqs. (10)
and (15). Employing the definition of ¢(R) in Eq. (11) we obtain the pair
of adiabatic potentials,

Vaa = Voo(R) - Vg4 tan¢(R) (21a)

VBB = V11(R) + V01 tan¢(R) (21p)
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Since 2¢ = tan~'(y) is multivalued and indeterminant by modular iw we can
always choose Vgjtan¢ > 0 and insure that V,, lies below Vgg. This

same criterion insures that ¢(R) is analytic in R and justifies the
general expression for ¢' = d¢/dR in Eq. (14)., Actually this is a minor
analytic subtlety which only arises when there is a curve-crossing and
a(R) = Vy4-Vgo changes sign at some distance within our range of interest.
This is a very unlikely circumstance for a distant perturbation and we
shall implicitly assume that A remains positive for all R, such that,

1/2_

Vg1 tan¢(R) = V01y/[(1+y2)1/2 + 1] ='§ [(1+y2) 1] (22)

- Vo2 . (23)
y-b

Thus the distant perturbation due to Vo1 causes a general lowering of the
adiabatic potential Vaa relative to Vgg.

Having eliminated any potential coupling the only remaining source of
interaction between A(R) and B(R) in Eq. (18) must originate from the
operator T in Eq. (2). Although we have assumed that Yy and y; commute
with T the R-dependence of the sin¢ and cos¢ coefficients in Eqs. (10) and
{15) introduces what may be called radial Born-Oppenheimer (RBO) couplings
{1,2] between the adiabatic states. The coupling operator in (18) is
antisymmetric [3,4]

Paa = “Pgg = ¢" + 2¢' 9/3R (24)
where ¢' is given in Eq. (14) and ¢" is the second derivative which may

easily be derived from that expression. If this radial coupling is

sufficiently small, than the solutions to Eq. (18) should be well

approximated by B(R)=0 and A(R)aas(R), thus justifying the adiabatic

..... .-y -
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approximation in Eq. (9). Actually, by examining the magnitude of ¢'(R)
in Eq. (14) for various two state systems one can develop an appreciation
of the factors which most directly influence the validity of the adiabatic
theory. The analysis could be put on a more rigorous basis by evaluating
the Hermitian off-diagonal coupling matrix element between az(R) and the
corresponding vibrational wavefunctions bS(R) defined by the distant

adiabatic potential VBB(R)
a 8 B a
<a |Pug [bo> = <b |Pgy 2> (24)

and then applying appropriate perturbation theory. However, if things

come to such an extreme that perturbation corrections are required, then
one might be advised to abandon the adiabatic theory, except for its more
qualitative insights, and to return to more rigorous procedures to derive
more quantitative results. One such approach would be to use the

numerical techniques presented by Hutson and Howard [7] to evaluate B(R)
directly from Eq (18b), with A(R) approximated by the initial adiabatic
vibrational state ag(R) of particular interest. A second approach would be
to use the complete diagonalization technique [10] that we shall employ in
the next section. However, this is probably only useful in the specialized
vibronic coupling model that we will be analyzing in this paper and
therefore has little general application. The third approach would be to
solve the cougled equations (2) or (18) directly using various
close-coupled procedures which can be gleaned from the scattering

literature [11],

-------




3. APPLICATION TO HERZBERG-TELLER VIBRONIC COUPLING

Using the complete set of radial functions {fg} obtained from Eq. (5)
and a comparable set of functions {g;} with eigenvalues {E;} defined by

the diabatic potential V,; for the distant state, we can expand the exact

radial functions F and G in these two bases,

n=n* 0

F(E*,R) = nZO en(E®) £ (R) (25a)
m= 1

G(E*,R) = 2: (e 8 (R . (25b)
M=

From Eq. (2) we can generate a secular equation for the eigenvalue ¥

(O ¢ .0 1
(Bq 8" eq + <]V l8l>dq = 0 (26a)

(E;-E*) dp + g <g;JV1olfg>cn =0, (26b)
By systematically increasing the number of basis functions n* and m*
included in (25) we can expect to converge on an exact solution, at least
for energies E* in the vicinity of the lower Eg eigenvalues of the ground
molecular state Y. We could easily apply various layers of perturbation
theory to (26) and hope to develop useful approximations to describe
distant perturbations. For instance, the results in Eqs. (6) and (7) are

obtained applying cloture to the following sum [6], [13],

1
3 (27)

1 1
I s> <l ~ ——
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with higher terms second-order in 1/A(R). However, the converged
eigenvectors resulting from (25) and (26) represent the exact solutions to
the two-state problem, and it is to these that we wish to compare the
adiabatic theory.

Such solutions have been developed by Innes [8] to describe vibronic
coupling and intensity borrowing in Formaldehyde and Propynal. These are
generated from a specialized model introduced by Chappell and Ross [10]

with the following structure for the matrix elements in Eq. (2),

Voo = R/M (28a)
Vig = R2/4 + A (28b)
V01=V10 = AR. (280)

The ground state potential is approximated as purely harmonic witﬁ
unperturbed eigenvalues located at Egs (n+1/2). These levels, and the
associated quantum numbers n, are indicated in curve (a) of Fig. 1. The
perturbing state is assigned an identical harmonic potential which is
merely displaced by a constant energy A. This model yields an equivalence
between the two sets of vibrational functions {f:}-{g;} in (25) and
greatly expedites the construction and solution of the secular equation
(26). As is usual in Herzberg-Teller theory [12], the off-diagonal
coupling is taken to be linear in R, which further implements the
generation of Eq. (26). This simple model offers a relatively painless
means of obtaining numerically exact solutions to Eq. (2) which can then
be compared to the adiabatic solutions in Eqs. (9)-(13). Since the

adiabatic theory is not dependent on any of the assumptions in Eq. (28) we
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should obtain an adequate test of the general validity of Eq. (9) in more
complicated two state situations merely by varying the parameters in this

simple model.

3.1 Testing of Adiabatic Ejgenvalues

Two parameters, A and A, are sufficient to completely specify the
vibronic coupling in Eq. (28). First A, in reduced units of the ground
state vibrational energy hv,, measures the distance to the perturbing
excited state. For both Propynal in curve (b) and Formaldehyde in curve
(¢) of Fig. 1 this displacement is of the order of A=25. As the coupling
strength, measured by A, increases the adiabatic potential Vaa in (21a)
becomes increasingly attractive relative to VOO' To second order in the
ratio A/A this distant interaction merely causes a reduction in the
apparent force constant of the ground state harmonic potential, i.e.,

A

2 A
Vg = [1-4 5 ] R2/4 + (K)3 (29a)

with a corresponding reduction in the adiabatic eigenvalues which we

obtain from Eq. (13), i.e.,
E- (harmonic) = [1-4A%/a]1/2 Eg +(A/0)2 . (29b)

The radial Born-Oppenheimer correction (¢')2 in Eq. (13) introduces the
constant positive energy shift (A/A)2 in Eq. (29b). This approximate
harmonic behavior is fairly well represented by the Propynal curve (b) in
Fig. 1 where A=2.1197 and (A/A) = 0.083739. However, as can be seen in
Table 1, there ‘s already substantial deviation of the perturbative

expression (29b) from both the exact and the adiabatic eigenvalues and

careful examination of the adiabatic potential in Fig. 1b already shows
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appreciable deviation from the pure harmonic prediction of (29a). In

fact, for the Formaldehyde system, with A = 2.7890 and (A/A) = 0.111918
the adiabatic potential is sufficiently lowered to cause a marked double
minimum in curve (c). Obviously in this case the predictions of Eq. (29)
are completely meaningless and we need ;o obtain precise numerical

solutions for Eg and a:(R) in Eq. (13).

A detailed comparison of the exact E; and the adiabatic Eg
eigenvalues for these two molecules is given in Table 1. Actually the
position of the levels are already shown in Fig. (1b) and (1c¢), and on
that scale the two sets of eigenvalues are indistinguishable. For
Propynal a total of n*=m*=21 states in the expansion (25) was sufficient
to insure covergence of the exact eigenvalue to the indicated prec sion in
column two. For Formaldehyde, with the more extended and distorted
adiabatic potential indicated in Fig. 1, it is not surprising that 21
states were not sufficient to insure convergence, and the eigenvalues in
column 5 were obtained with n*=m¥*=42, The adiabatic eigenvalues Ez were

obtained from numerical solutions of Eq. (13) using the adiabatic

potential V. defined by Eqs. (28), (22), (8) and (12). The code is based z
on the Gordon method of propagation [(11] and has been well tested to |
insure the degree of accuracy listed in columns 3 and 6.

Noticeable differences, of the order of 0.002, only begin to occur
between eigenvalues in excess of 3.0, and for the lower levels one can be
quite pleased with the accuracy of the adiabatic theory. However, this

degree of accuracy is achieved only if the radial Born-Oppenheimer (RBO)

82




term (¢')2 is retained in Eq. (13). The eigenvalues obtained from Eq.

(13) with the RBO term removed are designated as E,(-RBO) and are listed
below the complete adiabatic term values in Table 1. Actually the
correction introduced by (¢')2 is quite small, and we can certainly use
the following approximation to analyze the energy differences that have

been listed in Table 2.
a _ o, N a 21,0
E En( RBO) <an[(¢ ) [an> . (30)

The largest correction applies to the n=( states and there is a rapid
fall-off which correlates with the increasing amplitude of the vibrational
wavefunction az associated with each eigenvalue. This is related to

the k-dependence of the phase derivative (14) that is prescribed by the
potential matrix elements in (28),

1
[1+4(A/8)3R?)]

¢'(RC) = (31)

B | >

Neglecting the R-dependence, we would predict an upper bound of (¢')2 =
(A/4)2 which is just the leading term we had previously included in the
perturbative estimate (29b). As the mean square displacement

ﬁi = <az|R2 |a:> increases with increasing n we expect a concomitant
decrease in the expectation value of (@')2 ~ (A/8)2 [1-8(x/8)2R% + +++] in
Eq. (30). Equating [¢'(§§)]2 to the calculated differences in Table 2 we
can extract a mean ﬁi for each level. The tabulated values of ﬁn in
columns 3 and 5 are qualitatively consistent with the trends we would
expect when we consider the likely amplitudes of the corresponding energy

levels in Fig. 1. It {s interesting to note that the bimodal character of

the Formaldehyde potential is reflected in these data.

R A S . S . VI T A M e T Tat A et v,
. L"*"‘J‘" et S NGRS N -'. Ll P S N “> -'_'(n' KA .\1 LN .-\‘";--(’ 1 _'-n_ . 4)‘\: A e "'.'.‘ "',\ i
: s - o ! o o {n




R i il St Bl e B 3 T B R Y W T N N N W N S e oy Y Ty

3.2 Testing of Adiabatic Wavefunctions: Intensity Borrowing Predictions

Possibly of even more interest than the preciseness of the energy is
the quality of the adiabatic wavefunction in Eq. (9). Comparing Eq. (9)

to (1) we see that the exact radial components are being approximated as [

follows,
F(Eg.R) = cos¢(R) ag(a) (32a)
a s a
G(En.R) = ~-sin¢(R, an(R) (32b)

These expressions measure the usefulness of the adiabatic approximation in
evaluating observable properties of the molecule in the given eigenstate.
Unlike E: which {s second-order in the distant V01 coupling, the amplitude
o of the distance y; state in Eq. (32b) is first-order in Vpq and is a much
more sensitive measure of the theory. As is often the case in the
application of vibronic coupling theory [8,9,12], the oscillator strength
to state L7s) is considered to be much smaller than to state yy. Thus the
importance of the magnitude of G is greatly enhanced and plays a dominant
role i~ determining the optical properties of these vibrationally
perturbed systems.
Equation (32) offers the following prediction for the expansion

coefficients in Eq. (25),

(E))=en (E) 2 <a[cose | £0 ' = n, ne2, ned (33a)
Chy E:n =Cp1 En = <a jcos¢ n'> n n, n+2, n+4, .., 33a

84




Late 2ok Mial aas saa- ais -,.-,-.'vv-v-r-—s-vs-rrv"-r'-‘;"-‘.".ﬂ'.‘i'."...I'.-""Z',FF?)“7"(".‘."""‘5'”"?"‘5"'1‘(1’

d (g*).a (£%) = <alsing [£2>  m' = n+1, n+3 (33b)
AR WA e e m' ' P

These matrix elements have been evaluated numerically and are compared to
the exact coefficients defined by the solution vectors to Eq. (26).

Recall that both V54 and Vyq in Eq. (28) generate an identical set of
harmonic wavefunctions fg, in Eq. (5). Since the coupling in Eq. (28¢)
insures that ¢(-R) = -¢(R) we obtain the rigorous selection rules for the
matrix elements in (33), with alternate n' and m' coefficients identically
equal to zero. The.Table 3 shows a comparison for the first four
n'=m'=0,1,2,3 coefficients in (33). This numerical exercise should be
more than enough to judge the accuracy of Eq. (32).

Since ¢+ is second-order in ¢=y/2=Vy /4 it is not surprising that the
adiabatic approximation in Eq. (33a) is much more precise than (33b) which
is linear in this parameter. Scanning through Table 3 we observe that
lcn.-én."S 0.0004 which is in keeping with the quality of the adiabatic
eigenvalues Ez which are also basically second-order in ¢. When we assess
the accuracy of the an. coefficient we only find agreement to within

Id | 5_0.006. However this is still quite tolerable, and is more

nl"an'
than adequate to insure that the adiabatic wavefunctions will reproduce
any measurable vibronic intensity borrowing in the Propynal and

#*
Formaldehyde spectra to within 5%, at least for eigenvalues En < 3.0.

4, DISCUSSION AND CONCLUSIONS
The numerical accuracies that we have achieved in applying the
adiabatic theory to Herzberg-Teller vibronic coupling are very

encouraging. The range of parameters we have chosen, using Propynal and
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Formaldehyde as model systems, although somewhat limited, should be

sufficient to judge this technique as a viable alternative to solving the
pair of close-coupled equations (2) by either direct numerical integration
{11] or by diagonalization procedures [8,10]. Certainly for calculation
of the energy spectrum we can expect excellent results, especially if the
RBO correction term is retained in Eq. (18). It also appears that the
magnitude of the distant radial component G in Eq. (1) as given by Eq.
(32b) is more than adequate to reproduce any intensity borrowing due to
vibronic coupling. Unfavorable destructive interference between the F and
G amplitudes might modify this conclusion, but such effects can easily be
tested for in any given application.

The advantages of using the adiabatic theory are manifold. First,
and foremost is the generality of the procedure. The Chappell and Ross
[10] model system in Eq. (28) is very restrictive and probably has been
developed more for its numerical convenience in constructing the secular
equation (26), rather than any inherent physical qualities. Since the
distant interaction potential V,4,(R) only influences the definition of
the potential difference parameter A(R) in Eq. (3) this potential can be
of arbitrary form. In particular we can just as well treat perturbations
by distance repulsive states as have been done by Hudson and Cooper [14]
using the "direct solution" [DS] method [7]. Both techniques avoid any
explicit evaluation of the distant radial eigenfunctions and summations
over bound and/or continuum states associated with V,,. In fact the two
methods complement each other very nicely. Given an interaction matrix
for a given physical system one can apply the adiabatic theory to Eq. (2).

Actually the adiabatic solutions should be superior to the simple
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first-order solution to Eq. (2a) offered by the DS method. However, given

the resultant solutions to Eq. (9) and (13) further refinement can be
achieved by applying the DS method to Eq. (18). Fortunately the results
obtained so far for vibronic coupling hardly require this correction.

A second advantage of the adiabatic procedure is apparent in Fig. 1
where the adiabatic potentials give us instant qualitative insight into
the physics of the interaction even before we begin the solution of Eq.
(13). The double minimum in the Formaldehyde curve (¢) is hardly apparent
in Eq. (26) and was not even alluded to in the numerical study by Innes
{8]. This is probably more of a curiosity than anything else but it is
easy to see how in more complicated systems systematically varying input
parameters in the interaction matrix ¥V, such as in Eq. (28), and then
examining the resultant adiabatic potential Vcm could avoid expensive and
unnecessary calculations.

The theory is very well suited to treat isotopic effects and their
influence on vibronically coupled systems. In Eq. (20) we have chosen a
specific reduced coordinate R=R(u,) as our independent variable. This is
defined relative to some chosen reduced mass u, which we associate with the
displacement coordinate Q. 1If we change the reduced mass from Mg to, say
u, on isotopic substitution, the adiabatic theory leads to the following

modification of Eq. (9),

[(T+ (612 (=2) + v (B)] 2 (WR) = E (W) a (). (34)
o
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;ii. The explicit parameters A and A in Eq. (28) are defined with respect to R,
and without changing our definition of this independent coordinate the
adiabatic potential Vaa(R)' as well as T and (¢»')2 remain invariant to
changes in mass. The only term in Eq. (2) which depends on u is the

Ho

kinetic energy operator T, and we obtain the [——) scaling of both T and
9}

the radial Born-Oppenheimer correction term (¢')2 in Eq. (34). The
solutions to Eq. (34) can then be introduced into Egqs. (9) and (32) to
predict the consequences of isotopic changes.

Let us conclude with some general remarks about the validity of the
adiabatic theory. Comparing Eqs. (2) and (18) we see that the net result
of introducing the orthogonal transformation in Egqs. (10) and (15) is to
replace the off-diagonal coupling matrix element V01 with the operator P:S
in Eq. (24). In place of the pure Born-Openheimer approximation in Eq.

(4), which entails neglecting the amplitude of the distance state vy in

Eq. (6), i.e.,
0 Vg1 0
G(E ,R) = - ———f (R) =0 (35)
n A n
we utilize Eq. (9), which, instead, requires neylecting the amplitude of
the distant state vg in Eq. (6), i.e.,
a 1 a
B(E ,R) = - — Pga @ (R) (36)
n A n
1 v a
--- Y =0 (37)
A A n
»
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:; o In any given model system it is easy enough to compare the amplitudes in
Eq. (35) and (36). Qualitative estimates are made available by noting the
rough equality which exists between the operators 3/3 R = R/2 when applied
to harmonic wavefunctions. When applied to the model in Eq. (28) we obtain
the approximate result in Eq. (37) which indicates that the adiabatic
coupling is reduced by a factor 1/A compared to the original adiabatic
coupling. Recall that in absolute energy units this factor represents the
ratio of the vibrational spacing hvo to the separation between the

unperturbed states,

1
" = hvg/(V11-Vgo) - (38)

" For Propynal and Formaldehyde this factor represents a 25-fold decrease in
the vibronic coupling and it might not be so surprising that the adiabatic
Pf SO theory is extremely quantitative in these systems.

In other systems, with large enough coupling strengths V01' the

reduction in Eq. (37) might not be sufficient to allow for the neglect of

the B(E,R) amplitude in Eq. (17), and quantitative evaluation of the
first-order amplitude (36) might be required. Alternately, the amplitude
B can be extracted directly from Eq. (18b) using the superior algorithm
devised by Hutson and Howard [8]. 1In any case, in view of the reduction
factor in Eq. (38), the use of the adiabatic theory should be a powerful

tool in analyzing the effects of distant perturbations.
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S:a. Table 1 Comparison and Exact and Adiabatic Eigenvalues for Vibronic
RN Couplings in Propynal and Formaldehyde
PROPYNAL FORMALDEHYDE
£ g2 E%(h ic) £ a
quantum n n n armonic n En
number
e ©¢ond LI
[En( RBO) ] En(Z ) [En( RBO) ]
n=0 0.28621(3) (.28630(P)  0,267(d) -0.09284(8)  _0,09282(Db)
[0.2799031(¢)  o.323(e) [-0.100633¢¢)
n=1 0.86238 0.86280 0.813 0.01830 0.01845
[0.85728] 0.968 {0.01279]
n=2 1.46921 1.46990 1.350 0.38971 0.39012
{1.46497] 1.613 [0.38314]
n=3 2.0990 2.09992 1.887 0.75038 0.75103
[2.09544] 2.257 [0.74543]
n=4 2.7472 2.74834 2.u424 1.17861 1.17950
[2.74420] 2.902 [1.17420]
n=5 3.41073 3.41209 2.962 1.64043 1.64156
[2.74420) 3.547 (1.63665]
N
n=6 2.13235 2.13370
[2.12908]
n="7 2.64855 2.65013
(2.6u4575]
n=8 3.18550 3.18729
{3.18312]

(a) Converged exact eigenvalues obtained from solution of Eq: (26) with n* = 21
for Propynal and n¥*=U42 for Formaldehyde.

(b) Adiabatic eigenvalues obtained from numerical solution of Eq. (13).

(¢) Eigenvalues obtained from Eq. (13) with (¢')2 term removed.

Es

(d) Harmonic approximation to eigenvalues given by Eq. (29).

"Q

v"l‘n'f/.

s s & ¥ t a

(e) Second-order energy as given by Eq. (7).
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Table 2. Contribution of the Radial Born-Oppenheimer Corrections to
Adiabatic Eigenvalues
PROPYNAL FORMALDEHYDE

duanoum En - En(-RBO) R R Ep-Ep(-RBO) Ri R,

0.0070123 0.0 0.0 0.012523 0.0 0.0
n=0 0.00640 1.67 1.29 0.00781 5.32 2.31
n=1 0.00552 4,54 2.13 0.00566 9.75 3.12
n=2 0.00493 6.88 2.62 0.00698 6.79 2.61
n=3 0.00448 8.97 2.99 0.00560 9.90 3.15
n=4 0.00414 10.77 3.28 0.00530 10.74 3.28
n=5 0.00387 12.35 3.51 0.00491 11.97 3.46
n=6 0.00462 12.92 3.59
n="7 0.00438 13.81 3.72
n=8 0.00417 14.65 3.83

(a) upper-bound on RBO correction based on (¢')2 =

(31).

(1/8)2 with R=0 in Eq.
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_ Table 3. Comparison of exact and adiabatic radial functions
Eigenstate n'=0 n's1 n's2 n's=3
Propynal
n=0 0.9773(8) [ 0.09867(b) 0.1812 [ 0.0288]
0.9771 [ 0.1008] 0.1811 [ 0.0293]
n=1 { 0.0798] 0.9397 [ 0.1434] 0.2856
[ 0.0768)] 0.9396 [ 0.1459) 0.2854
n=2 -0.1920 [ 0.0878] 0.8779 [ 0.1748)]
-0.1918 [ 0.0834] 0.8779 [ 0.1771]
n=3 [-0.0270] -0.3016 [-0.0793] 0.8020
[-0.0257] -0.3014 (-0.07411] 0.8020
n=4 0.0419 [~0.0u44] -0.3864 [ 0.0623]
0.0418 [-0.0422] -0.3862 [ 0.0565]
n=5 [ 0.00781] 0.0820 [-0.05781] -0.4510
[ 0.0073] 0.0819 [-0.0548] -0.4508
Formaldehyde
e n=0 0.7163 [ 0.1523] 0.5170 [ 0.1532]
0.7162 [ 0.1524] 0.5168 [ 0.1538]
n=1 [ 0.0701] 0.6386 [ 0.1903] 0.5582
[ 0.0676] 0.6387 [ 0.1904] 0.5580
n=2 -0.6298 [~0.0249] 0.2810 [ 0.1431]
-0.6293 [-0.0286] 0.2813 [ 0.1422]
n=3 [-0.0709] -0.6272 [-0.0691] 0.1308
[-0.0681] ~-0.6268 [-0.0728] 0.1312
n=Y4 0.2615 [-0.0636] -0.5921 {-0.1100]
0.2612 [-0.0592] -0.5921 [(-0.1132]
n=5 [ 0.0427] 0.36 [-0.0432] -0.5275
[ 0.0408] 0.3637 [-0.0379] -0.5276
n=6 -0.0999 [ 0.0585] 0.4309 [-0.0150]
-0.0998 [ 0.0551] 0.4307 [-0.0093]
n=7 [-0.0208] -0.1700 [ 0.0642] 0.4683
[(-0.0197] -0.1698 { 0.0597] 0.4682
n=8 0.0366 [-0.0352] -0.2332 [ 0.0618]
0.0365 (-0.0331] -0.2330 [ 0.0564]

(a)unbracketed coefficients correspond to c¢,:(E*,). The asymmetry of

Vo1(R) insures that cpn'(E*n)=0 when n'=n:l,nt3,+**. The upper value is
the exact coefficient, the lower i3 the result using Eq. (33).

(b)bracketed terms give d,¢(En), and vanish identically when n's=n,ns2,' " ‘-
Upper value is exact, lower value is adiabatic prediction in Eq. (33).

94

.........

........................................ et ererELetel lelel Teleliio e oo e e Tt e e
. .. At LTl T PO Lo R T TR T - « N Y
R S R O Y Al S AP NP AP AL SN SPE AE, BOPE AP, PR PO G F 0L GG




e AR SRa A s A e~ ten . B A~ -Rie e dute Sl iae S e JRh. SRR AIML A SLA VA Bk R i B “An P A & Wi i S e A~ da- S T Sl So e JSarih It e Men B B '—v"*“"'v'*'"T

.‘:f;::‘_;. FIGURE CAPTION

Fig. 1. curve (a) Pure harmonic potential in reduced units Vg,

= R2/4 such that eigenvalues exist at E, = (n +
1/2).

curve (b) Adiabatic potential for perturbed viq mode of
1A"(S1) ?tate of propynal vibronically coupled to
distant 'A'(8S3) state. In reduced units A =
25.313, A = 201197 in Eq. (28).

curve (¢) Adiabatic potential for perturbed v, mode of
1Ag(S,) sta?e of formaldehyde vibronically coupled
to distant 'B,(S;) state. In reduced units 4 =
24.920, A = 2.7890 in Eq. (28).
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4 Stability and Growth of Graphitic Layers

Principal Investigators: S. E. Stein
R. L. Brown
Irtroducticn
A key issue in the use of carbon as an ablation shield is the
knowledge of chemical processes involved in the formation and decompositi-
3 on of graphitic materials., Progress in this area has been hampered by the
lack of reliable theories for treating the reactive chemical species in
these substances. It is reasonable to assume that these materials consist
of loosely bound layers of large planar polyaromatic molecules of varying
size and having a variety of edge structures. Theories of aromatic
molecules separate the bonds joining the carbon atoms into two types; the
{' y-bonds, which are localized in the region between the adjacent nucleli,
and the n-bonds arising from the w-electrons which are distributed above
and and below the plane of the molecule. These w-reactions are metallic
in nature and are the ones which give graphite most of its characteristic
properties. There are a number of theories available which can be used to
model these n-electron networks. In the past, however, they have been
x: applied almost exclusively to the relatively small molecules of interest
to organic chemists. Their application to very large graphitic molecules

and their subsequent testing and refining by experiment are the goals of

this program.
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Progress During FY-84

Earlier in this program, we discovered that the atomic orientation at
the edges of the molecules and their overall size exert a profound effect
on the molecular properties, most importantly on the energy of the highest
occupied molecular orbital and in the minimum electron localized energy.
Some selected results which demonstrate these points are shown in Fig. 1.
Most of our theoretical work over the past year was devoted to the
development of efficient computer codes to adapt a sophisticated theory,
namely the Pople SCF method, to very large molecules. All of the theories
we have used to date require constructing a so-called bond matrix which
describes how the carbon atoms are connected. For the simpler theories
the key to their extension to large molecules was the discovery of a
unique numbering system for the carbon atoms which resulted in a narrow
banded bond matrix which greatly simplified the computations [1]. The
corresponding matrix for the SCF method, however, is not banded, and in
practice contains few, if any, zero elements. Calculations using this
type of matrix require far more computational time than the banded cases.
Furthermore, the SCF method is iterative and converges more slowly the
larger the molecule. Thus the computational problems rapidly become
enornous for molecules of even modest size. The only way to use this
method on large molecules is to require them to have the maximum symmetry.
Then, group theoretical methods can be applied to greatly simplify the
computational problem. Another advantage of using symmetrical structures
is that they are easily formed into homologous series each consisting of a
progression of increasingly larger molecules. This facilitated the
extrapolation of various electronic properties to infinite size molecules

(graphite) and the development of structure/reactivity relations at the
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"edges" of large polyaromatic molecules. By this means we have developed
a computer code which allows us to use this SCF technique on molecules
containing up to 1000 carbon atoms. For complete convergence of this
iterative method, such molecules require three to six days on a high speed
computer. To our knowledge, the largest molecule to which this method had
previously been abplied was coronene which contains 24 carbon atoms.

Our results so far with this more complex theory are usually in
qualitative agreement with simpler theories. One critical difference,
however, is that SCF methods, in accord with intuition, indicate that
resonance energies per C-atom approach a unique value with increasing
molecular size, independent of edge type. For the simplest theory used in
previous studies, different limiting values were approached which depended
on edge type. There are other general important qualitative differences
whose implications we are now examining in detail.

In the past year we began experiments to test and refine our cal-
culational models. In these experiments aromatic molecules are passed
through a very-low pressure, high temperature cell. Carbon deposition
reaction kinetics are measured by sampling the flow out of the reactor by
mass spectrometry. We have found that even relatively reactive aromatic
molecules such as anthracene are rather unreactive on pyrolytic graphite
at temperatures up to 1250 K. Free radicals, on the other hand are rather
reactive, and appear to be the primary agents responsible for carbon
growth in our reactor. Primary results for both the relatively unreactive
benzyl radical, and the reactive phenyl radical suggest the order of this

reaction is between 1 and 3/2 and only weakly sensitive to temperature.

99

. .'\.‘_ -

..

“ta " . . . R v- -t - . "- - ‘.. "- . ~. .. - - ° .. - ".. . -~
.. - . - . - . L P - N . N 'Y ... M .“ . PR ) -
PO PE VRV VL VST TSI v T WU VA O G- wiir G g Yy wS g Wi O Sy




I A e aE e ettt ' Sa i e A i Mgt it s ek A Aot A AN o S Ar a8 S i oh <A bl S D dat o wd el a8k G A ASN Al ol o h a :——v"'J'“V‘rq

The simplest mechanism consistent with this process is that radicals
deposit primarily on surface radical sites created by previous radical
deposition processes.

References

1) R. L. Brown, J. Computational Chem. 4, 556 (1983).
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while for all molecules with edge-type B, only a single corner type is

possible, namely,

Stabilities of benzenoid layers for hexagonal series with edge-types i
- A-D are shown in Figure 2 as a function of molecular size. Stabilities
are represented as the logarithm of the number of Kekulé structures per

n-electron (= nw']

In[# Kekulé structures] where n, is the total number
of m-electrons). In the simplest form of SRT, In(KSPE) is proportional
to the resonance energy per m-electron. Molecular size is represented

']/2. which is roughly proportional to the number of edge carbon

by n.
atoms. This function is chosen because it was found to clearly show the
behavior of 1n(KSPE) as n_ .

As shown in Figure 2, stabilities of benzenoid layers depend strongly
on the nature of the edges. For each series studied, as molecular size

increases, In(KSPE) approaches an asymptotic value. Perhaps surprisingly,

different series can approach distinctly different asymptotic values.
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To obtain localization energies for graphite-like molecules we have
employed a first-order perturbation treatment [7], and to obtain first
approximations for oddelectron densities in graphite-like free radicals
we have used Hiickel molecular orbital (HMO) theory.

Results reported here are based on studies of a large number of highly
condensed benzenoid molecules. In an effort to systematize these studies,
our analysis has focused on homologous series ot hexagonally-symmetric
molecules. Members of a given series differed in size but had the same
edge and corner construction. The following four edge structures were

considered,

While it may not be evident from a cursory examination of these structures,
each molecule studied was a normal Kekulé hvdrocarbon. Examples of the
first few members of series A and B are given in Figqure 1. In

general, for each edge-type a number of different corner structures are
possible depending on molecular size and shape. For example, each even-

sided hexagonal molecule with edge-type C has one of the following three

corner structures,
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Graphite is composed of very large, highly condensed benzenoid
polyaromatic molecules whose electronic properties can, in principle, be
examined by conventional chemical theory. Previous calculations of this
nature either have been limited to molecules with less than ~ 50 carbon
atoms [1-3], or have treated graphite as an infinite two-dimensional
crystal composed of repeating structural units [4]. Neither of these
approaches has dealt thoroughly with potentially important structural
features such as edges and overall size and shape. For this purpose,
calculations on very large, but finite layers appear to be needed. In
this work we present initial results of calculations on well-defined
benzenoid molecules containing as many as 16,000 carbon atoms. Computation
times are held to practical levels using theories that require as input

only counts of Kekulé structures [5] along with an efficient algorithm

; - for counting these structures in polyaromatic molecules [6].

These theories are particularly suited for these calculations since
they accurately correlate a wide range of properties of polyaromatic
species [7,8] and yield resonance energies and reactivity indices in
good agreement with those of more sophisticated, but more time-consuming,
molecular orbital calculations [9].

For estimation of resonance energy in molecules we have used the
simplest form of structure-resonance theory , SRT [9], a form that
relates the resonance energy of a conjugated species to the logarithm of
its number of Kekulé structures. This relation is known to yield resonance
energies in excellent agreement with SCFMO predictions. Other, more

complex forms of SRT have been shown to yield comparable results [8].

112

............................. e R R -t
k\\ RS e U T T e e T et et Soet e

ORI, VR PR DA I S T PO A S A A AT A T VAR ST A T U WP N oy S AP AP P

.........




b. A Chemical Theory of Graphite-Like Molecules

S. E. Stein and R. L. Brown

Abstract.

An approach for analyzing electronic properties of large, well-
defined graphite-like layers is presented. It is shown that very
large structures can be examined using theories that require only counts
of resonance structures as input. Stabilities are examined as a function
of edge-type for four homologous series of layers containing up to 16,000
carbon atoms. Analyses of electron localization energies and m-electron
densities are also presented. These studies provide a basis for examining

effects of edge structures and relative position in the chemistry of

graphite.
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ML and MU are the number of rows below and above the diagonal, respective‘y.

Q?;? For the example in Fig. 2 the bond matrix is

L
)

OO OOOEANER A

»
K
»

k3
o]
"

0OO0OO0O0O0ODOO0O —~ —
[eYoNoYoNaNol el el
0COO0O00O0O —~——0O
OO0 O0O~~000
QOO0 ~00—0O0
00O~~~ 0O0~000
OO —-—0O—0000
O—~00—~0000O
——0 = 000000
:O—‘OOOOQOO

—

The forth section sets up the B matrix in the form required for the
LU decomposition routine SGBﬁA. Note that the storage required by SGBFA is
2*ML+MU+1, which is larger than the actual band width.

The fifth section performs the LU factorization. On return from SGBFA,
the elements of the B array having the value MU+ML+1 for the first index
.contain factors which when multiplied together give the determinant of B. The

t:;Q logarithm of the absolute value of this determinant is calculated by summing

the logarithms of the absolute values of these elements.

In the final section, the inverse of B8 is determined. On return from
SGBSL, th;‘Qector array E contains the elements of the ['th row of 8/det(B).

So far, the size of the structures we have be able to examine have been
limited by the core size of our computer. For a hexagonally symmetric structure
having 547 benzene rings, 1176 carbons, and a width of approximately of
65 R, the computation time required on a Hewlett-Packard 1000 machine was
only 3.5 minutes. In this particular case, the KSC for the even parent
compound was 4.8 x 1066.
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these two coordinate systems. The (X, Y) coordinates of each ring are
shown in the parenthesis at their centers.

The numbering of the c and n-centers shown here is best explained by
refering to the listing of the computer program in the Appendix. The
centers of the benzene rings are contained in the array R, with X = R(1, NR),
and Y = R(2, NP), where NR is the number of the ring. This array, along
with the total number of rings NPMAX in the structure is the input to the
program. Rings can be stored in R in any order. In the first section
of the program, each benzene ring is examined in turn and a non-zero
value (9999) placed in the array AC at tﬁ;“;;Bropriate (U, V) locations to
indicate the presence of three c-centers; the array AN is similarly
marked to note the existence o% three n-centers. The extrema (UMIN, WMAX,
VMIN, VMAX) of the (U, V) values encountered, and the total number of c-centers
is also determined in this section.

Thq numbering of the ¢ and n-centers follows in the next section. Running
through the ranges of the (U, V) values, the computer notes the presence
of non-zero elements in the AC and AN arrays and numbers éhem. [t begins with
the minimum values of U and V and changes V most rapidly. This results in
the numbering scheme shown in the example of Fig. 2. This method of labeling
centers produces a banded matrix for B with a maximum width of VMAX-VMIN+2. The

size of the B array thus increases as the cube of the average width of the

structure rather than as the forth power as it would for a non-banded confiquration.

The third section of the program determines the band width of B. This
is the number of rows parallel to its diagonal which are required to include
all the non-zero elements. Each (U, V) cellis examined in turn, and the
difference between the maximum and minimum label numbers of the c-centers in

the cell noted. The biggest difference encountered gives the width of the band.
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S _ 8 = det(8)(8""1" (10)
ktf T Inversion of B may be a<:<:0mplished]3 by solving a series of linear systems,
iﬂi Bx; = e, Bxy, = e,5,........, where a solution x, is the i'th column of B!

and e, is a vector having a one in the i'th position and zeros elsewhere. The
computer program described in the next section will use the so-called

LU method of factorizing B to solve these systems.

COMPUTER PROGRAM FOR CALCULATING THE MATRIX 8

To minimize the computation time and maximize the size of the molecules
which could be treated, it was necessary to find a numering system for the
centers which would produce a banded bond matrix. This was accomplished by
using the coordinate system shown in Fig. 2. [ts axes, labeled U and V, are

inclined at 60°. The units on each are 3]/2

a, where a is the length of the
carbon-carbon bonds. The system is oriented so that the c-centers of a
<~ molecule lie at the intersections of a grid based on this unit. Each n-center

is associated with a cell of this grid. An individual cell i< specified by

the values of the (U, V) coordinates at its lower left corner. These values

will also be used to identify the cell's n-center. The sum of the NBMQ

coefficients for c-centers located at this corner and its two neighboring
corners in the cell will be zero. The c-centers will naturally be identified

by their (U, V) coordinates.

Qi The locations of the centers of the individual benzene rings in the

ii molecule are specified by another superimposed coordinate system. This one

". has orthogonal axes X and Y (not shown in.Fig. 2), with the X axis parallel

?f& to the U axis of the first system. Units along the (X, Y) axes are 31/2a

g C

[\ and 3a/2, respectively. The origin of the (U, V) system is at (0,-a) in the

f. Py (X, Y) system. Figure 2 also gives an example of a molecule embedded in
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are constructed (see eqs. (2)). |

vaector v(k). and the third equality derives from the way the B(k) matrices

ROEREN My

Consider now the sum a(k) of the coefficients around the deleted n-centers.

This is given by

k) k) q-1
oK) . Iyby g€ g . (Ejbkjekj)vo[det(B( )3 (5)

(k)

where the expression for the c given by eq. (4) has been used. From a

theorem on det:e:r-m‘inant:s.]2 we have the equality,

- 8,9
J kJBkJ det(8) = KSC(even parent molecule) (6)
If we set the scale factor Yo equal to det(B(k)) then we have
o(k) = I.b, .B, . = KSC(even system) (7)
k3K

Thus, the elements of the cofactor matrix of B are the NEBO coefficients scaled

so that the sum of those around the deleted n-center gives the KSC for the even
— parent molecule. The summation in eq. (7) is independent of which n-center

is deleted. On the other hand, the summation S(k) of thetébsolute values

of the scaled coefficient Bkj over all the c-centers j gives the KSC for the

odd molecule resulting from deletion of n-center k. Thus,

S(k) = Zjlekjl KSC(n-center, k deleted) (8)

This corresponds to calculating row sums in 8. To get the KSC for the odd
species resulting from deletion of centers from the c-set, we simply calculate

column sums of 8. This gives,

B S(J) ® Zklskj] KSC{c-center, j deleted) (9)
v

N ¢

o3 The matrix 8 can be calculated'% from the inverse of B. The relation is

w
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The NBMO coefficients are denoted by cj(k) where the subscript gives the
number of the c-center. The superscripts in parentheses denote the number
of the deleted n-center. In our case there is always one more c-center then
there are n-centers. Thus, one of the c-coefficients is arbitrarily set
equal to a scale factor Vo For this we choose ck(k) = Vs

The solution of any set of equations B(k)c(k) = v(k) like those shown

in egs. (2) is,12

c(k) = (B(k))-]v(k) = (B(k>)+v(k)[det(8(k))]-1 (3)

Here, s(k) is the cofactor matrix of B(k); an element {S(k)]ij is (-1)i+j
times the determinant of the submatrix obtained by deleting the i'th row

and the j'the column from B(k). Equation (3) can be written as

det(a(k))ci(k) = Iy B§:)V§k) = Béﬁ)vo = ByiYo (4)

where the quantities Bki are the elements of the cofactor matrix of the bond

matrix B. The second equality in eq. (4) follows from the definition of the
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benzene is

by

B = b2]

1531

" -

n-system.

B2

22
32

S Rt R B W
R A PSR V, U } DRSO

which are connected by bonds, and a value of zero otherwise.

b3
23
33

has a non-bonding molecular orbital (NBMO).

removed is taken from the n-set.

resulting system of linear equations.

matrix B, which is a submatrix of the adjacency matrix.8‘9 To construct

it, the carbon centers are assigned to two sets, which we label n and

Matrix elements are assigned a value of unity for centers between sets

As an

example, with the sets numbered as shown in Fig. 1, the bond matrix for

<1 €2 3
" 1 1 0
n, |1 0 1

0 1 1

The rows of B8 refer to the n-centers, and the columns to the c-centers.

and ionization potentials involves removing one of the centers from the

Suppose that the center

Then the NBMO coefficients at the
remaining n-centers are zero, and the coefficients at the c-centers sum

to zero around any n--cent:er.]0 They can be calculated by solving the
n

For benzene, the deletion of

the centers at Ny, Ny, and ng results, respectively, in the following

three systems of equations for the cvefficients,
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c, such that bonds occur only between centers belonging to different sets.

(1)

In Herndon's theory, the calculation of properties like reactivities

In the present case this results in an odd alternate system which
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INTRODUCTION

A parameterized structure-resonance theory has been developed by
Herndon and co-workers‘ and applied to a variety Jf n-molecular systems.
They have used it successfully to calculate resonance energies, bond
orders, ionization potentials, and heats of formation. Our laboratory
is currently engaged in a project to extend this theory to very large
benzenoid molecules, the ultimate goal being its application to various
aspects of soot formation and graphite chemistry. Ffor small molecules,
one of the advantages of Herndon's over athcr methods is the ease
with which the calculations can be made without the use of a computer.
For the large structures to be examined in the present work, however, a
computer approach is necessary. The basic calculation involved in this
theory is the enumeration of Kekulé structures. For the general type of

2,3,4 methods for

aromatic molecule, there are several recently described
dealing with this probiem. None, however, is convenient fq( very large
molecules. The purpoge of the present paper is to describe an algorithm
for enumerating the resonance structures of arbitrarily large benzenoid
polynuclear hydrocarbons. A simple Fortran program for implementing

this algorithm will also be preserted. The structures to be considered

will be restricted to even systems.
METHCD

Herndon has defined5 a corrected structure count. This is the
number of those structures which contribute to stabilizing resonance inter-

actions. For the even benzenoid species considered la2re, it is equivalent

6

to the algebraic structure count employed by Wilcox™ and is the same as the

. Kekulé structure count (KSC)7. It it equal to the determinant of the bond
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a.  COUNTING OF RESONANCE STRUCTURES FOR LARGE BENZENOID POLYNUCLEAR
HYDROCARBONS

AB"TRACT

A method is presented for counting the number of resonance structures
for large benzenoid polynuclear hydrocarbons. Structure counts for even
systems are made and compared with those of the odd systems resulting
from the removal of one of the m-centers from various points in the even

structure. A computer program for performing the calculations {is also

given.
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Therefore, SRT predicts that even in arbitrarily large layers, average
n-electron energies may depend on the nature of the edges. Several
additional calculations using a more complex form of SRT [8] predict
similar relative stabflities and asymptotic behavior.

These results differ from results of Huckel theory which suggests
that all benzenoid polyaromatic molecules containing more than ~ 30
C-atoms have nearly the same resonance energy per C-atom [2-3]. However,
for resonance energy determination Huckel calculations are clearly inferior
to SCF calculations [7] and SRT theory parallels SCF theory. At this point,
we expect the truth to 1ie between these two extreme predictions, so that
in the limit of infinite size resonance energy per C-atom will not depend
g on edge structure; although for intermediate-sized molecules edges can have
. a profound effect. Preliminary calculations using SCF theory support this
idea.

Qualitatively, SRT results are consistent with predictions of Clar

i [10], which state that the most stable benzenoid polyaromatic molecules
are those that can be formally represented as being entirely composed of
isolated benzene rings (Clar calls these "fully benzenoid molecules").
Close inspection shows that molecules with edges A and C are fully
benzenoid, while molecules with edges B and D are not. We find, for
instance, that in any representation of molecules with edge-type B no
more then 75% of the carbon atoms are members of a benzenoid ring. This

is most easily illustrated for coronene, the second member of series B,

@0
@0

In Figure 2 are shown KSPE values for three series with edge-type

C, but with the different corner structures shown above. As might be

‘-
-
o
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expected, differences between these series are slight and diminish

with increasing size. The nature of corner structures in very large
molecules apparently has 1ittle influence on KSPE and is therefore
ignored in the remainder of this work.

The most stable series has edges that contain only phenanthrene-
like units (edge-type A, often referred to as "arm-chair" edges). These
structures represent one of the two possible ways of, in effect,
cutting regular hexagonal molecules out of an infinite benzenoid sheet.
Each carbon-carbon bond in these structures is parallel to a pair of
edges and to the <1010> graphite crystalline directions.

The least stable series has straight, anthracene-like edges (edge-
type B, often called "zig-zag" edges) and represents the second possible
way of cutting a regular hexgonal structure out of an infinite benzenoid
sheet. Each carbon-carbon bond in members of this series (and series C
and D as well) is perpendicular to a pair of edges. Edges are aligned
with the <1120> crystal directions.

The finding that molecules with B-edges are less stable than molecules
with A-edges is consistent with the general finding that "straight-edge"
polyaromatic structures are less stable and have fewer Kekulé structures
than do "bent" structures. For examnle, in the isomerization of anthracene
to phenanthrene, AH = -6 + 2 kcal mo1”~! [11] and the number of Kekulé
structures increases from four to five.

Series C, while closely related to series B in structure, actually
approaches the same asymptotic value of KSPE as does the most stable
series A. This finding suggests that the relative orientation of bonds
and edges, in itself, is not a factor determining resonance stability.

The stability of series D falls between that of B and C and apnroaches

an intermediate 1imit for KSPE. Relative stabilities of series C and D

..........
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are opposite to predictions of group additivity [12], although as pointed

.Aﬂ,.,
- -'I o as '- .'. .

out earlier, these stabilities are in accord with Clar's arguments [10].

[0
[

It appears that the stability of a benzenoid layer cannot be
properly rationalized in terms of separate contributions from edge
structures and interior rings. The degree of coupling (conjugation)
between edge and interior atoms can be a dominant factor and is directly
reflected in the present determinations of KSPE.

We now consider reactivity. Reactivity will be analyzed in terms

of electron localization energies, which are energies required to isolate

a m-electron from the rest of the conjugated system. For the very large
species of concern in this work, SRT was found to be inadequate for this
purpose because according to SRT these values are determined as a small
difference between the two very large resonance enerqay terms. This

difference was found to slowly diverge as n_ > «, even when a more

complex form of SRT was used [8c]. Therefore, we have examined reactivity
using a method which circumvents the above problem by treating chemical
reactions as perturbations. In this method, localization energies GETT
for m-electrons are estimated by applying first-order pertubation

theory to the Hickel molecular orbitals [7]. These energies can be

expressed as functions of numbers of Kekulé structures,

dETT = 28 -5§LEL;————
5y (ksT(R))E
all alternant

C-atoms, 1

where KS(M) is the number of Kekulé structures in the reactant molecule,

KS‘(R-) is the number of Kekulé structures in a molecule derived from the

o reactant by localizing two of its electrons, one at the reaction site




----

" and the other at position i, and B8 is the Hickel resonance integral (a
. i semiempirical, adjustable parameter).

In Figure 3 are given representations of GETr for two polyaromatic
layers, one with edge-type A, the other with edqe-type B. Activation
energies for chemical reaction at the position of electron localization
are often considered to be linearly related to GE", so that the smaller
the <SE1T value, the greater the reactivity.

In the more stable layer (A), reactivity is predicted to be quite
uniform throughout the later, even at the edges, although regions of
alternating reactivity can be seen near the edges. For the less stable
layer (B), edge atoms are far more reactive than interior atoms, and
edge reactivity increases toward the center of each edge. Clearly A,
which is predicted to be more thermodynamically stable than B, is also
far less reactive.

Additional calculations on members of series A and B show that the
average of all GETT values approaches zero as molecules increase in size.
,:} Average reactivities are therefore predicted to increase and approach
| one another with increasing size and, in accord with experiment, large
graphitic layers are predicted to always be highly reactive. However,
relatively unreactive sites near the edges are found to aoproach non-zero
<SE1T values and the overall increase in reactivity with increasing size
is particularly slow for the most stable series (A). For both molecules
given in Figure 3, both the most and least reactive positions are located
q near the edges. In the more stable molecule (A), SE_ for these two
positions are 1.41 8 and 2.31 g, while for the less stable molecule (B)

these values are 0.484 8 and 2.28 B. For comparison, <SETT for benzene is
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2.31 B and for the most reactive position in anthracene (the 9-position)
the value is 1.26 8. It is particularly noteworthy that rather large,
highly condensed polyaromatic molecules need not be any more reactive
than anthracene.

The above results are consistant with the idea derived from HMO calculations
that in an arbitrarily larqge graphite layer, the least stable occupied
energy level approaches the most stable unoccupied level [2] (two-dimensional
graphite is a zero-gap semi-conductor). The general finding that "zig-zag"
edges are more realtive than "armchair" edges is also borne out by a good
deal of experimental data [13].

The present calculations yield, as byproducts of the above reactivity
calculations, HMO odd-electron densities [7]. At carbon atom i in a
free radical, these densities are simply proportional to the quantity,
[KSi(R-)]Z. These electron densities are shown in Fiqure 4 for radicals
formed by Tocalizing an electron at an interior carbon atom in each
of the two molecules examined in Figure 3.

These densities are highly non-uniform even at large distances
from the position of initial electron localization. Odd-electron
densities are greatest at the carbon atoms nearest the position of
localization and for localization at any interior site they assume the
characteristic profiles shown in Figure 4. On the other hand, variations
of electron density more than several C-C bonds away from the localized
electron depend primarily on the detailed edge structures. Also, as the
size of the graphitic plane increases, the probability of finding the
odd-electron in the region nearby the localized electron is predicted to
diminish to zero.

We postpone presenting a more detailed analysis of reactivity and
electron density until we have parameterized the present calculations

using results of more accurate theories. This work is now in progress.
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In summary, we have shown that it is practical to apply reliable
theories for n-electrons in benzenoid systems to very large, well-defined
graphitic planes. Initial results of these calculations show that when
viewed as members of homologous series these planes can be examined in
a systematic manner. The degree of coupling between edge and interior
rings can be a particularly important factor whose magnitude can not always

be estimated by simple comparisons to small polyaromatic molecules.
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Figure 1. Two Examples of Homologous Series Studied.
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Figure 2. Stabilities of Hexagonal Benzenoid Layers. n. is the total

number of m-electrons, KSPE is the number of Kekulé structures

per m-electron (for benzene n_ = 6, the number of Kekulé

structure is 2, KSPE = 278 = 1.12, and 1n(KSPE) = 0.116).

Edge structures of series A-D are given in the text. The three

series with edge C contain different corner structures ( Q =1

3 V=II 0=1II). For other edges, only series with the

-1/2 _

most stable corner structures are shown. Intercepts at n.

were obtained by least squares analyses of the points shown.

Figure 3. PMO Localization Energies. Structure A represents a member

of the most stable series (series A, n. = 222) and structure B

~ represents a number of the least stable series of comparable
size (series B, n, = 216). Areas of circles are proportional
to 6En. hence the smaller the circle, the greater the

reactivity.

v

Figure 4. HMO Electron Densities. These species are the free radicals

obtained by localizing an electron in the molecules represented

|

in Figure 3 at the positfon denoted by the cross. Areas

of circles are proportional to HMO electron densities. Note that

half of the carbon atoms in these molecules, including the position

of localization, have zero HMO electron densities.
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BUILD-UP AND IRRADIATION OF OBSCURING CLOUDS UNDER NEAR-VACUUM CONDITIONS

SH

APPLICATION TO SPACECRAFT SURVIVABILITY

Tnomas J. Buckley and Sharon G. Lias

Center for Chemical Physics
Natlonal Bureau of Standards
Gaithersburg, Maryland 20899
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by the rate constants for the corresponding ion-molecule collisions)
determined in the ICR for the initial steps of some ©of the sequences.
Experimental or estimated heats of formation of relevant ionic and neutral
species are listed in Table 2. As in previous studies of successive ionic
condensation processes in unsaturated hydrocarbon systems, it is seen that
the probability that a collision leads to the formation of a product ion
diminishes as the size of the reactant ion is increased.

It 1is striking that (except for C4H2*) the CZan* reactant ions of
sequence 14 exhibit two populations, one reactive (leading to the formation
ot the next 1ion in the sequence) and one which does not react with
diacetylene. Tne C, . H.* ions of sequence 15, on the other hand, do not
exnibit unreactive populations.

Experimentally, little independent information is available about the
structures or thermochemistry of CZan+ ions, but it is possible from our
general knowledge of ion thermochemistry to speculate about the nature of
the reactive and unreactive C2an+ populations of ions observed in the high
pressure experiments. Several possibilities exist for the structure of
sucn ions, the simplest of which are the straight chain isomers containing
triple and double bonds such that a 2:1 carbon-hydrogen ratio is achieved.
For example, the formal addition of a C-H bond of one HC=C-C=CH entity
across the triple bond of another would result in the straight chain C8H4+
isamer, HCsC-C=C-CH=CH-C=CH*.  (Such C H * isomers always have two more

triple bonds than double bonds.) These acyclic ions would be expected to
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product 1ion intensities associated with sequence 14 divided by the sum of

all of the product ion intensities associated with sequence 15. The ratio
decreases rapidly at lower number densities, reflecting the increased
probability for elimination of CZHZ from [C8H4*]* (process 7b). This is
consistent with the ICR results, since sequence 14 was not observed under
the very low pressure conditions of those measurements. Since Figure 1B
essentially gives the stabilization/decomposition ratio as a function of
collision frequency, the curve may be used togive <an order-of-magnitude
approximation of the dissociative half-life of [C8H4*]'. The formulation
is based on a set of conditions where the rate of CZHZ elimination
(sequence 15) 1s equal to the rate ofstabiliation (sequence 14). The

assumptions are that the rate constant for collision of [C8H4*]* with C4Hy

3 1

is 1072 and+moleculel*s™! and that every collision 1is effective in
quencning loss of CyH,. The equations required are quite straightforward
and will not be presented here. Taking 0.008 torr as the pressure at which
the stabilization /decomposition ratio 1is unity ((Figure 1B), th
dissociative half-life for process 7b is found to he -4 x 10~ s at 300 K.
In view of the second assumption, this value certainly represents only a
lower limit.

At the pressures of the ICR experiments, loss of H, from the ions of

sequence 14 or loss cf C,H, from the ions of sequence 15 leads to another

sequence involving fragmrent ions:

0.51 0.01
C8H2+ -2 C12H4+ -2 C16H6* (16)

Table 1 summarizes the reaction sequences observed in diacetylene in the
ICR and the high pressure mass spectrometer, and lists the thermochemistry
of the initial steps of the ion-molecule reaction mechanisms, as well as

the rate constants and reaction efficiencies (i.e. rate constants divided
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condensation ion, does occur, but the minor channel 7c, the loss of Hy
fjii which presumably requires extensive rearrangement, is entirely quenched.
The C8u4+ ion exhibits two (or more) structures, one of which condenses
with diacetylene,

CgHy™ + C4Hy => CyoHg" (12a)
while the other isomer (or isomers) is/are unreactive. A fraction of the
C12H6+ ions react to form C16Ha+:

CioHg' + CgHy => CgHg® (12b)
wnich in turn reacts to give C20H10+:

CigHg™ + C4H, => Copityo? (12¢)
Processes 8b and 8c initiated by the C6H2+ ion are not observed at high
pressures, wnere all the C10H4+ condensation ions are stabilized; in the
further reaction of this ion with diacetylene, the dissociation process
represented in reaction 10 is not observed, but rather all the C14H6+
condensation ions are stable. These react further with diacetylene to
give C18H8+:

CrgHg' + C4Hy => CrgHgt (13)

In reactions 7 through 13 one can recognize two parallel sequences,
which can be summarized as follows from the results of Figure 1:
C4Hp* => CgHy* => CpoHeY => CigHg* => Cygiyot (14)

0.88 §.05 £0.01
+ + +
CqHa™ -> CgHy™ => CioHy” => CiqHg  -> CigHg (13)

where the neutral reactant molecule 1is always diacetylene, and the
probability of a reactive collision, based on the rate constants given in
Tacle 1, is as indicated.

Figure 1B gives the ratio of the probabilities of sequences 14 and 15
as a function of diacetylene pressure. The points are taken from the samne

N ) data used to construct Figure 1A, and are plotted as the sume of all of the
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~ . Results and Discussion

Diacetylene

The abundances of ions generated in diacetylene were observed
as a function of time in the ICR at a total pressure of -5 x 10-6
torr. Tne results demonstrated the occurrence of the initial

condensation/dissociation mechanisms:

X CHyt + CyHy > [Cgiy*1” (7a)
- . * +
-> C8H2+ + Hy (7¢)

which are followed by tne sequences:

CgHyt + CqHy => CH,* (8a)

CgHyt + CyHy => [CyoH, Y1 => CgHyt + oty (8b)

=> CyoHyt + H, (8c)

K — CgHy* + CgHy => CpoH,* (9)
CioHg' + CgHy => [C4Hg 1" > € pH,* + Cyity (10)

Cporg™ + CgHy => et (11)

In the ICR experiments, where the collision interval lies in the range 2 ms
- 5 ms and tne ions are observed for 300-500 ms, the number of condensation
steps which can be observed is limited by the total number of ion-molecule
collisions observable on that time scale, ~50-200., Figure 1A shows the
normalized abundances of ions observed in diacetylene in the NBS high
pressure mass spectrometer as a function of the pressure of diacetylene at
300 K. In these experiments, the collision interval is approximately 10-6
s, and the time scale of the experiment is such that charged species

undergo many thousands of collisions. The results demonstrate that under

these conditions, reaction 7b, the loss of acetylene from the initial
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publication of earlier studies on ionic condensation processes in

unsaturated nydrocarbons, Furthermore, recent photoelectron spectroscopy
experiments and studies of radiative and non-radiative processes in
unsaturated hydrocarbon ions have elucidated details of the excited states
available to such condensation ions, as well as the relevant fluorescence
lifetimes and gquantum yieldslo.

In the present study, details of successive condensation and
association reactions in two pressure regimes, -10~% torr (in an ICR), and
-107% torr (in a high pressure mass spectrometer) will be examined and
compared. Most attention will be given to reactions occurring in
diacetylene, for which reliable information about the thermochemistry, as
well as the excited states and emission lifetimes of the parent radical
cations and relevant condensation ions is availablelo. An attempt will be

made to apply this new body of information to the interpretation of

condensation/association processes in polyacetylenic organic campounds.
Experimental

The experiments were carried out on the NBS ion cyclotron resonance
spectrometer (ICR) and the NBS high pressure photoionization mass
spectraometer, both of which have been described beforellr12 |  1n the ICR,
ionization was effected by 30 eV electrons; in the high opressure
experiments, the mass spectrameter was equipped with an argon resonance
lamp, which provides 11.6-11.8 eV photons.

A very high vacuum chamber equipped with a guartz window was installed
on the ICR instrument to permit photodissociation studies of trapped ions.
Tne photodissociation experiments reported here were carried out with a

pulsad tunable dye laser which delivers photons of 400-700 rm.
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publication ©of earlier studies on ionic condensation processes in
unsaturated hydrocarbons. Furthermore, recent photoelectron spectroscopy
experiments and studies of radiative and non-radiative processes in
unsaturated hydrocarbon ions have elucidated details of the excited states
available to such condensation ions, as well as the relevant fluorescence
lifetimes and gquantun yieldslo.

In the present study, details of successive condensation and
association reactions in two pressure regimes, ~10~% torr (in an ICR), and
~10™¢ torr (in a nigh pressure mass spectrameter) will be examined and
compared. Most attention will be given to reactions occurring in
diacetylene, for whicn reliable information about the thermochemistry, as
well as tne excited states and emission lifetimes of the parent radical
cations and relevant condensation ions is availablel®, an attempt will be

made to apply this new body of information to the interpretation of

conuensation/association processes in polyacetylenic organic compounds.
Experimental

The experiments were carriea out on the N33 ion cyclotron resonance
spectroneter (ICR) and tnhe MNBS high pressure photoionization mass
spectrometer, both of which have been described beforell'lz. In the ICR,
ionization was effected by 30 eV electrons; in tne high pressure
experiments, tnhe mass spectrometer was equipped with an argon resonance
lamp, which provides 11.6-11.8 eV photons.

A very high vacuun chamber equipped with a quartz window was installed
on tne ICK lnstrunent to permit pnotodissociation studies of trappec 10ns.
Tone pnotodissociation experiments reported here were carried out with a

pulsed tunaole aye laser whicn aelivers photons of 400-700 nm,
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collision interval 1is very long requires that the ion have some means of
,7,5; energy dissipation, sucn as photoemission:

Yoot ¢y (5)

™h
Little is known aoout emission from ions formed in condensation reactions,
althoujn a nunoer of possibilities have been considered3. Condensation
reactions have also oeen suggested to play an important role 1in the
cnenistry occurring in hydrocarbon flames., Specifically, a mechanism
proposed for tne 1initiation of soot formation in hydrocarbon flames4,
requires that small i1ons, e.g. C3H3+, condense with neutral hydrocarbon
molecules such as acetylene to form larger ions which in turn condense,
leading eventually to terminal ions with benzenoid polyaromatic
structures?, A conceptual difficulty associated with the 1ionic
conaensation  mecnanisus which have been advanced is that, at the

temperatures of 300-700 K used in mass spectrometric studies, the rate

constants of successive addition steps tend to aecrease as the size of the

reactlng condensation ion increases. For examnple, the rate constants for
'ff tne successive condensations:
o
b .
e Corig" + ity => Cyig’ (6a)
Flﬂ Cyiig* + CoHy => CoHyot (6b)

473 2% “6'12
+ L+
+ +

9 + +
= CroHao * CzHg —> Cyotoy (6e)
a at 300 K are, respectively, 1072, 2 x 10712, 8 x 10713, 2 x 10713, and 8 «x
ﬁ:' 10-14 an3/molecule-s®. Rate constants for exothermic ion-molecule
{g_ reactions show no temperature dependence oOr a negative temperature
E oependence7.
g, A large body of information about the thermochemistrya, structures,
F. . and lisomerization mecnanisms’ of ions has become available since the
1
|
:
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Introduction

It 1s well known that the parent radical cations of olefins and
acetylenes, or polyolefinic and polyacetylenic compounds undergo
consecutive condensation reactions with the precursot compound in the gas
phase, leading to higher molecular weight dimeric or polymeric ions:

MY Mo Myt (la)
MZ+ M= M3+, etc. (1b)
It 1s also commnon tnat hydrocarbon condensation ions formed witn excess
energy dissociate by loss of H atoms:
Mx+ > H+ (- H)Y (2)
or HZ:
Mx+ => (M, - Hy) Y+ Ho (3

or smaller unsaturated molecules:

Mt o>

% + N (4)

1 of condensation reactions in olefins have shown that

Systematic studies
tne structure of tne neutral molecule is the dominant factor in determining
the overall reaction seqguence in the system, and that l-olefins are more
reactive tnan 2- or 3~-olefins. In some systems, particle transfer from tne
aimer 1on to the neutral molecule has also been observedld, e.g. H=atom
transfer in l-putene, or H2 transfer in isooutene.

Various guestions of scientific ana practical interest arise with
regyara to an examination of such condensation processes and accampanying
pimolecular and unimolecular reactions. It has been suggested tnat ion-
nolecule conaensation processes may be involved in the production of large
nolecules in 1nterstellar meulaz. tiowever, at low pressures (sucn as

tnose cnaracteristic of a space environment) the survival of a condensation

1on  formea 1n a highly exotnermic process under conditions such that the
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. a. COUSECUTIVE ION=MOLECULE COLIDENSATIC.. REACTIONS AND PHOTODISSOCIATION
LT MECHANISMS OF CONDENSATION IONS IN POLYACETYLENIC COMPOUNDS

by
Thomas J. Buckley, L. W. Sieck, Ricardo Metz and Sharon G. Lias

Center for Chemical Physics
National Bureau of Standards
Gaithersburg, Maryland 20899

and
Joel F. Liebman

Department of Chemistry
University of Maryland Baltimore County
Catonsville, Maryland

Abstract

Consecutive ion-molecule condensation and condensation/dissociation
reactions in diacetylene, cyanoacetylene, and cyanogen have been examined in
an ion cyclotron resonance spectrometer at pressures of ~10-6 torr2 and in a
high pressure photoiocization mass spectrometer at pressures of ~107¢ torr.

o Under the high pressure conditions in diacetylene, the initial reaction
hand of the diacetylene radical cation with diacetylene generates CcH * and C8H4
ions which then react further WIth neutral d1acetylene, initia 1ng the two
patallel series of+reactzons' (C6H MES N 10tg > C14H6 -> CygHg *) and (C8H4
->C => CygHg => C ions of the second sequence all show two
popu}atxons, one of whic 1s reactlve, one unreactive with dlacetylene. At
the lower pressuzes of the ICR experiment, most of the C H,* ions dissociate
to give (C H + H ), so the second sequence is not seen. In its place, one
sees the sequence. (C Hy” => Cy9p ->C ), both CgH 2 and C ZH are also
generated 1in the sysg }oss of acegy?ene from the‘c_,H ' Tons of the
sequence initiated by reactxon of C.H when the system is irradiate¢ 1 by 600
mn  photons, the C and C ions dxssociate by loss of acetylene or
diacetylene to regenerate lower molecular weight ions; the C5, C., and C, ions
are not dissociated by photons of this energy. From these results, and similar
series initiated by protonated diacetylene, C4H *, inferences are made about
tne heats of formation of observed ions. Rate constants are reported for the
first few steps of the condensation processes; the initial condensation
reaction of the parent diacetylene is efficient, but it is seen that the
. probapility of a reactive collision decreases as the size of the reacting ion
{ increases.

I

% In contrast to the numerous condensation/dissociation processes oberved
r in diacetylene, parent radical cations generated in cyanoacetylene and
. cyanogen mainly undergo 51mple consecutive addition processes with their
. respective parent molecules: (M* -> M,* -> M;* -> etc.). Rate constants are
t‘ Y reported for the first few steps of the condefsation sequences, and it is seen

that the reactions are slow.
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PROTON AFFINITIES OF HC=C-C=CH, HC=C~C=N and N=C-Cz=N:
EXPERIMENTAL AND AB INITIO STUDIES

by
Michael Meot-Ner (Mautner) and Thomas J. Buckley

Center for Chemical Physics
National Bureau of Standards
Gaithersburg, Maryland 20899

and
Carol A. Deakyne

Department of Chemistry
College of the Holy Cross
Worchester, Massachusetts 01610

Abstract

The proton affinity of HC=C-C=N was determined in the NBS pulsed high
pressure mass spectrometer through measurements of equilibrium constants for
proton transfer reactions with bases of known gas basicity:

BH" + HC=C-CaN > CHNT + B

Tne proton affinity was determined to be 180 kcal/mol. Since protonated
diacetylene, C4H3+, and protonated cyanoacetylene, C3H2N+, undergo fast
reactions with the respective precursor molecules, proton transfer equilibria
could not be established in these systems. Therefore, the proton affinities of
HC=C-C=CH and N=C-C=N nave been determined in the NBS pulsed ion cyclotron
resonance spectrometer (ICR) using the technique known as "bracketing", in which
one determines the occurrence or non-occurrence (and in the former case, the
efficiency) of the reactions:

Bt + (HC=C-C=Cii or N=C-CaN) -> B + (.iC=C~C=Cii or .=C-Cst)H'

for a series of bases, B, of known gas basicity. From these results one can
estimate the energy at wnich the protonation of the compound of interest is
tnermoneutral, and thereby obtain the proton affinity value. The results led to
a value of 180 kcal/mol for the proton affinity of diacetylene, and 154 kcal/mol
for cyanogen,

The proton affinities of these molecules reflect the stabilizing or
destabilizing effects of tne multiple triple bonds and the highly polar -C=N
groups 1in the relevant molecules and ions; these interactions are studied
tnhrough ap initio calculations presented here.
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has resulted in a paper, "Proton Affinities of HC=C-C=CH, HC=C-C=N and
N=C-C=N: Experimental and ab initio Studies", by Michael Meot-Ner (Mautner),
Thomas J. Buckley, and Carol A. Deakyne, which is now being prepared for

publication.

The proton affinity of HC=C-Cz=N was determined in the NBS pulsed
high pressure mass spectrometer through measurements of equilibrium
constants for proton transfer reactions with bases of known gas :
basicity: |

BH' + HC=C-C=N -> CH,N* + B

The proton affinity was determined to be 180 kcal/mol. Since
protonated diacetylene, C4H3+. and protonated cyanoacetylene, C3H2N+,
undergo fast reactions with the respective precursor molecules, proton
transfer equilibria could not be established in these systems.
Therefore, the proton affinities of HC=C-C=CH and N=C-C=N have been
determined in the NBS pulsed ion cyclotron resonance spectrometer
(ICR) using the technique known as '"bracketing", in which one
determines the occurrence or non-occurrence (and in the former case,
the efticiency) of the reactions:

BH* + (HC=C-C=CH or N=C-C=N) -> B + (HC=C-C=CH or N=C-C=N)H'

for a series of bases, B, of known gas basicity. From these results
one can estimate the energy at which the protonation of the compound
of interest is thermoneutral, and thereby obtain the proton affinity
value. The results led to a value of 180 kcal/mol for the proton
affinity of diacetylene, and 154 kcal/mol for cyanogen.
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The structures, isomerization mechanisms, and reaction kinetics
=C8 ions formed in the reactions (H =C=CH8 + H C=C=CH ) and
H

+ HC=CCd3), as well as the fragment 1ons 1n 1,3-
cyclohexad1ene, 1, 4-cyclohexadiene, trans-1,3,5-hexatriene, 1-
methylcyclopentene, 3-methylcyclopentene, and 4-methy1cyclopentene
have been studied. In all these systems the ions exhibit at least
two structures. One isomer transfers a proton to bases with proton
affinity higher than that of benzene demonstrating that this species
has the benzenium (protonated benzene) structure. The remaining
C6H * jons have in some systems (e.g. allene’ + allene, 1l- and 4-
methylcyclopentene) a conjugate base having a proton affinity of 202
kcal/mol, while in other systems (e.g. 3-methylcyclopentene, trans-
1,3,5-hexatriene) the conjugate base of the non-benzeniumn isomer has a
proton affinity of 205 kcal/mol. When the C H7+ ions are formed by
fragmentation of a C Hot ion (in the cyclohexadienes or 1,3,5-
hexatriene) which has a well-def1ned internal energy, it is seen that
the fraction of C°H7 ions exhibiting the benzeniun structure
decreases with increasing energy. The fraction of ions with the
benzeniun structure also decreases with increasing internal energy of
the (C H4+ + C3Hy) reaction complex from 0.72 in allene (energy level
of separated reactants: 315 kcal/mol) to 0.62 in propyne (energy level
of separated reactants: 327 kcal/mol).

The energetics of the fragmentation process leading to C6H7+
formation have been examined in a photoion-photoelectron coincidence
spectrometer for trans-1,3,5-hexatriene, and 1,3- and 1,4~
cyclohexadiene. It is Eound thag the transition state for the
fragmentation process [C.H t o CgHy  + H] is effectively the same in
all three systems but lies at an energy level higher than (benzenium
ion + H) products.

Rate constants for reactions of benzenium ions with a variety of
organic and inorganic compounds have been determined.

An offshoot of tne study of ionic mechanisms in diacetylene,
cyanoacetylene, and cyanogen (described above) was a determination of the
proton affinities of these molecules, Proton affinity determinations lead to
information about the thermochemical properties of protonated molecules. Such
data are of interest 1n an understanding of the ion-molecule chemistry in
obscurant clouds for spacecraft protection, since H* is present in the upper
atinosphere. The experiments gave results which reflected the stabilizing or
destapbilizing effects of tne multiple triple bonds and the highly polar -C=N

groups in the relevant mnolecules and ions, and thus are of theoretical interest.

Tne experimental study was therefore combined with a calculation study. This
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by Thomas J. Buckley, L. W. Sieck, Ricardo Metz and Sharon G. Lias
(currently in NBS internal editorial review, to be submitted to the
International Journal of Mass Spectrometry and Ion Processes), deals
specifically with this problem area for the systems listed above.

In diacetylene, the initial reactlon of the dlacetylene radical
cation with diacetylene generates C.H * and CgH ions which then
react further with neutral dlacetylene, initiating tne two parallel
series of reactions: (C6H -> C10H4+ ~> C14H6+ -> ‘lBH ) and (C
> Cyuit > oy T Co % ). The ions of the first sequence all
show two popu atlons, one of which is reactive, one unreactive with

+ . . : .
alacetylene. At lower pressures most of the CgH," ions dissociate to
give (C H,” + Hy ), and the £1rst sequence is not seen. In its place,
one sees the sequence. (C8H2 => CyoHy => G Hg both C Hy,” and
C12H4 Jare also generated in the system oy loss o acetylege rom the

Cheztly 10ns of the sequence initiated by reaction of CgH, . When the

systen is irradiated by 600 nm photons, the C; and c ions

dissociate by loss of acetylene or diacetylene to regenerate lower

molecular weignt ions; tne Cgr Cgr and Cy4 ions have no dissociative

paths available at this energy. From these Eesults, and similar

series lnitiated by protonated diacetylene, C4H;3", inferences are made

about the neats of formation of observed ions. Rate constants are

reported for the first few steps of the condensation processes; the

initial condensation reaction of the parent diacetylene is efficient,

o but it is seen that the probability of a reactive collision diminishes
o as the size of the reacting ion increases.

In contrast to the numerous condensation/dissociation processes
oberved in ailacetylene, parent radical cations generated in
cyanoacetylene and diacetylene malnly undergo simple consecutlve
addition processes with their respective parent molecules: (M* -> M,*
-> M3+ -> etc.). Tne only fragmentation process seen is in the
Cyanoacetylene system where a fraction of the 1n1t1a11y-generated
gimer ions d1s<)c1ate by loss of an H atom: (C H2n2+ => ”65N2 + H).,
None of tne %D ions generated in cyanoacetylene or cyanogen are
dissociated by 500 nm photoas. Rate constants are reported for the
first few steps of tne condensation sequences, and it is seen that the
reactions are 1nefficient.

X . - . . . HHAdH
An examination of analogous processes in 1,3,5-hexatriene, H2C=C-C=C-C=CH2,

led to an independent study of the frajgnent C6H7+ ions formed in tnis compound.

(Inese 1ons were found to ode the only initiators of condensation sequences in

1,3,5-hexatriene.) Tne accompanying amanuscript, "Structures of C6H7+ lons
Formed 1n Unimolecular and usimolecular Reactions" by Sharon G. Lias and P.

e o d Ausloos (J. Chem. Phys., submitted for publication), describes this work.
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BUILD-UP AND IRRADIATION OF OBSCURING CLOUDS UNDER NEAR-VACUUM CONDITIONS:
APPLICATION TO SPACECRAFT SURVIVABILITY

Annual Report
FY 84
Thomas J. Buckley and Sharon G. Lias
Center for Chemical Physics
National Bureau of Standards
Gaithersburg, Maryland 20899

In FY 84, three related studies concerned with a molecular level
unaerstanding of processes occurring in organic systems appropriate for use as
obscuring clouds have been completed and have been, or are being, prepared for
publication 1n the arcnival literature. Preprints of two of these manuscripts
are attached, and an apstract of the third study (manuscript in preparation) is
also included.

The major emphasis of this project during the past two years has been an
examination of gas phase ionic reaction mechanisms leading to the build-up
of long polyunsaturated carbon chain ions in hydrogen deficient systems such as
diacetylene (HC=C~-C=CH), cyanoacetylene (HC=C~C=N), and cyanogen (N=C-CzN).
Since carbonaceous materials are of interest as coatings for spacecraft, and
laser-induced vaporization of such coating materials will generate organic yases
and vapors whicn may undergo ionization through charge transfer processes with
lons present in the ionosphere or through photoionization, the problem area
adaressed 1s tnat of the condensation processes occurring in a near-vacuum, as
well as the photon-induced aissociation processes and tne ensuing xechanisms
leading to the re-builaing of tne large condensation ions. The first
manuscript, "Consecutive Ion-Molecule Condensation Reactions and

Photodissociation Mechanisms of Condensation Ions in Polyacetylenic <Compounds"
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display a reactivity similar to tnat of other linear unsaturated

hyarocaroon ions, sucn as tne parent HC=C-C=CH'* cation, and therefore the
reactive 1somers probably correspond to such structures. The simplest
cyclic structures which can be envisioned are the dehydro-[n]-annulenes of
the type: (-C=C-CH=CH-)n/4. a cyclic hydrocarbon with an equal number of

alternating triple and aouble bonds (I):

For tne Clz-nomologues, a structure analogous to I (II):

+

. ’// _____\\\\

N\ 4

-

\z—_/

IT

Fi_ or a Dpenzo-substltuted analogue of I (III):
-
o
F"
| -
}
b -
. -
|-
i:.'
b
b 111
L @ ,
- are possiwle cyclic structures. Although these structures may appear
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improvable, 1t should be noted that both C12H6 isomers are knownl7, and the

Cgiy compound nas peen described as representing a "reasonable synthetic

117,

goa Tne linear ions initially formed in the ion-molecule condensation

process would presumably rearrange to form such structures only if the

heats of formation were significantly lower than those of the corresponding

acyclic isomers. Camparing estimated heats of formation of these cyclic
C i, 1oas witn corresponding neats of formation of the acyclic isomers
(Table 2), 1t can be seen that the cyclic ions are expected to Dbe more

stable vy 15-60 xcal/mol. This is not surnrising, since a triple bond has

been replacea by a sityle and a double bona. The relative abundance of tne

reactive 1somers (which we assume to be the acyclic structure) diminishes

as the size of tne ions increases; from the results of Figure 1 one can

estimnate the reactive populations as follows:
Cyr, Y (L003)  =>  CyH,t(674) => CpoHet(308) -> CyeHgt(20%) o> Tyt

Tnis trend would be predictea from the thermochemical results summarized in

Table 2. For exanple, while the first step in the seguence:
+ ~ + b
CyH,™ + CyHy ~> Cg,™ (acyclic) (17)

is exotnermic by 73 kcal/mol, the second step:
) + S .
- CgHg™ + C4Hy => CpoHe™ (acyclic) (18)

- is exotnermic oy only approximately 53 kcal/mol, 1i.e. the subseguent
p .-

?6 conaensation steps leaainy to the reactiv. icyclic species become less and
e

- less eneryetically favorable as the size of the molecules increases. On
h."

[ tne otner hand, tnhe thermocnemical estimations given in Table 2 predict
h

L . : . . '

® that tne exotnermicity associated witn the formation of the cyclic product
F '
b 1ons froaw acyclic reactants increases slightly for succeeding steps in the
h-.

N saries, as snown 1in Taple 1.

b

. ° Tne comparison of the results observed in the ICR at 107 torr and
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Eii% those from the high pressure mass spectrametric experiments at 10-2 - j0-1
= o torr 1ndicates tnat the dissociative lifetime for the excited [C8H4+]* and
kﬁ; N [Cl4H6+]* ions is shorter than 1073 s but longer than 10® s, The ClOH4+
é:’ conaensation ions survive long enough to be opserved in the ion cyclotron
:; resonance experiments, even though exothermic dissociative paths (reactions
:i 8a anu 8D) are available. If such long dissociative lifetimes seem

surprising for species which originate in some cases with 50-100 kcal/mol
excess enerdy, 1t snould be remempered that the ions may be formed in upper
electronic states; the work of Maier et all® has snown that such
polyunsaturated hydrocarbon ions wusually fluoresce from upper excited
levels with nigh quantun yields (>0.7). The fluorescence lifetimes are
usually in tne ns range.

Tne 1ons formea in the diacetylene system were irradiated in the ICR
witn ©00 nn (2.005 eV) photons, and tne photodissociation mecnanisms of

some of tne condensaticn ions were observea:

C12d4+ + v => Cghyt + CyH, (19a)
-> C10H2+ + CoHy (190)
C10H4+ + NV => C8H2+ + C2H2 (20)

Fron tnese results, we can assign lower limits to the heats of formation of
tne C12H4+, C10H2+, and C10H4+ condensation ions formed in diacetylene of
>502, >4Yo0, and >447 kcal/mol, respectively. {Tne upper limits on the
neats of formation of these ions given in Table 2 are based simply on the

assunption that the reaction in which the ion is formed as a condensation

product 1is exotnermic.) The C4H2+ and C6H2+ ions were not dissociated by

s 600 nm photons. This was an expected result, since it is predicted that
- tnere are no aissoclative patnways available to these ions at energies
&
kf‘, below about 6 ev.
_Q # In a related study13 carried out in this laboratory, tne proton
o
h
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affinity of diacetylene was determined to be 180 kcal/mol, corresponding to
a heat of formation for C4H3+ of 295 kcal/mol. The condensa-
tion/dissociation sequences initiated by this ion are entirely analogous to
tnose initiated oy reactions of the parent C4H2+ ion, i.e. the condensation
ions dissociate by loss of H, or acetylene. These reaction seguences,
along witn the corresponding exothermicities, rate constants and reaction

efficiencies are listed in Table 3.

Cyanoacetylene ana Cyanogen

»

Cyanoacetylene is isoelectronic to diacetylene, and has a similar

conjugatea triple bondea structure. However, while diaceylene has no

dipole moment, cyanoacetylene is highly polar, with a dipole moment of 3.6

D. Tne abundances of ions were observed in cyanocacetylene in the ICR as a

- function of time (pressure, 10-® torr) and in the high pressure mass
spectrometer as a function of pressure (i.e. in both cases as a function of

numoer of ion-molecule collisions undergone). Thne latter results are shown

in Figure 2. Thne major reaction channel of the parent cyanocacetylene ion

with cyanoacetylene 1s the formation of a dimer ion, but a minor channel,

observea in the ICk, 1is condensation followed by dissociation, in this

case loss of an  atom:

0

HC=C-C=® + HC=C-Cal => [CoHoit,*) ™ => ChHN,Y + H (21)

- 6272 62

E;f Tne loss of acetylene from the condensation ion is not observed, and in
b‘ fact, tnis dissociation process is estimated to be slignhtly endothermic (by
. )

: approximately 6 kcal/wol). The dimer ions add to cyanoacetylene:

.

o Cghiglip™ + HC2C-Cail => Hylgua® (22)

. . Tne rate constants determined in the ICR for reactions 21 and 22 are listed
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in Table 4. Tne probability for a reactive (HC=C-CaN* 4+ HCz=C-Cs=N)
-j{:- collision is inuch lower than for the analogous parent ion-neutral molecule
collisions in tne diacetylene system. Tne results obtained in the high

pressure mass spectroneter (Figure 2) demonstrate the occurrence of the

consecutive addition processes:

HaCgNyt + HC=C-Cal => H,yCpoi,” (23a)
HyC N + HCCCal => HgCpeNgt (23b)
sC1sN* 4 hicsC-Catl -> HgCpgilg? (23¢)
HgCpyNg " + HC=C—Cail => HoTyiN,* (23d)

with the exception of the last two ions, which are still growing in at the
highest pressures used in these experiments, all the ions except H3C9N3+

are seen to decline in abundance due to further reaction. The H3C9N3+ ions

whicn do not react may have rearranged to some stable structure such as IV

or Vi

H/é\H N

r\J(::,/' -~(::,~" “~(::r\J f—l(::==(::"(::§§‘ /’l::-'(::EEE(::}_1

N

Iv v

S
‘ .
Iy

P

Under the conditions of the ICR experiments, there was no evidence for an

unreactive population of H3C9N3+ ions.

Tne 1on-molecule reactions observed in cyanogen, which 1is also

s EE
PR Lt '
L@

- isoelectronic to the otner compounds studied here, are summnarized in Table

-

5. It 1s seen that the parent ion adds to the neutral molecule to form a

e M»
o O dimer, which in turn adds to form a trimer, and on the time scale of the
)
|
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o
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ICR experiments, a further addition to form a tetramer is observed. No
dissocliations of the product ions to form different ionic products occur,
and the reactions are all inefficient,

Tne nature of the prevailing chemistry seen in cyanoacetylene and
cyanogen, e.g. simple addition of ions to the neutral molecule, is
different from that described above for diacetylene, where observed
reactions include isomerizations and dissociations of the condensation ions
to form new ionic species. In the hydrocarbon systems, as discussed above,
excited ions may lose excess energy by emitting a photon, a mechanism which
stabilizes the excited condensation ions and extends their lifetime vis-a-
vis dissociation to regenerate the original reactants. In cyanocacetylene
and cyanogen, the results of Maier et all0 have demonstrated that radiative
pathways are unavailable (that is, the fluorescence quantum yields are <10~
3). Tnese authors have suggested that the lack of detectable radiative
channels in these compounds may result from the existence of close-lying
doublet states which lead to a preference for internal conversion pathways.
In our experiments, it appears that the ions in cyanoacetylene and cyanogen
tend to dissociate to re-form the reactant species, possibly because the
collision complexes retain € :cess vibrational energy, and therefore are

short-lived.

conclusions
It nas been shown that parent radical cations generated in diacetylene

undergo a condensation reaction to generate C8H4+ which dissociate at

; pressures of --10'6 torr to give C8H2+ and C6H2+ ions which, in turn
;' initiate successive condensation sequences (processes 14 and 15) leading to
.' 0 high molecular weight polyunsaturated product ions. At pressures of ~10-2
E:; S torr, the dissociation to give CBHZ+ is entirely quenched, and the initial
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CBH4+ condensation ions add to diacetylene generating a sequence of product
ions of the formula CZan*; these ions display two populations, one of
which is reactive with diacetylene and one of which is not. It |is
postulated that the reactive populations are acyclic isamers, while the
unreactive populations represent ions which have undergone ring closure.
It has been demonstrated that the latter process is a thermodynamically
favorable channel, which becomes increasingly favored with increasing chain
length. The 1initial steps in the condensation sequences have rate
constants which are close to the collision rate, and succeeding steps
become increasingly slow. Cyanoacetylene and cyanogen radical cations
add to their respective neutral molecules predominantely to generate simple
dimers, trimers, tetramers, etc., without important dissociation steps
leading to other channels. In cyano-acetylene certain of the condensation
ions (especially C9H3N3+) do apparently rearrange to structures which are
unreactive with the parent molecules. In these systems all the condensation
reactions have a low probability of being observed upon the occurrence of
an ion-molecule collision.

It 1is postulated that the existence of radiative pathways in the
conjugated polyene-yne ions of the diacetylene system leads to stabilized
condensation ions, and increases the efficiency of the reaction seguences.
The lack of such pathwayslo in the diacetylene and cyanogen systems, on the

other hand, increases the probability that a condensation ion formed with

excess energy will dissoclate to regenerate the original reactant species.
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Table 1. lon-molecule reactions in diacetylene: Thermochemistry, rate
constants, and reaction efficiencies.

Reaction A3 Kpr2 Kpn/2C
kcal/mol Rn R/
Condensation-Dissociation Sequences Seen in ICR
CsH,* + C,H, => Products
472 42 13.9+40.5 1.06
CgHy* + Cyt ->[CH+?9->CH++CH -8 -
4 4H2 gty 6tz + CoH
=> CoH,' + H -12
82 2
CeHy, + CqHy => Products . 10.6+0.4 0.88
Ceflz” + Catiz = [C1efly"]" = Callp™ + Cofty -
+ +,* +
C10H4 + C4H2 -> [C14H6 ] = C12H4 + CZHZ 0.5 0.05

i . + + + + o+
Condensation Sequence: C4H2 <> CgHy™ => CioHg" => CigHg™ => Cypiyg

C4“2+ + C4Hy = C3H4+(Acyclic, 67%) -73

=> C3H4+ (Cyclic, 33%) -88

L Cahiat (Acyclic) + Cur, ~> CpoH.t(Acyclic, 30%) -53
- o Rt Cg‘dg+ (Cyclic, 70%) -99

G- + . + .
Cl o (acyclic) + Cyhy => C)Hy (Acyclic, 20%)
° e -> Ciéu?*(cycl1c, 80%)

d + ; +
C16H8 (ACYCllC) + C4H2 -> Conlo

1 . + + + + ~ +
Condensation §gguence. C4H2 -2 C6H2 -> C10H4 -> C14H6 -> b18H8

d + +
d + ~ +
C10H4 + C4H2 -> bl4H6

d + +

Fragment Ion Condensation Sequence: CSHZ+ -> C12H4+ -> C16H6+

+ Lo+

g+ +

........
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Footnotes to Table 1.
35ee Table 2.

Drate constants in cm3/molecule-s X 10'lO determined in the ICR; cited rate
constants are for loss of reactant ion (i.e. include all channels).

Cvrobability that a collision results in observable reaction; collision rate
constants, 2, calculated fram AQ0 formulation in reference 13a. The quadrupole
moment of C4H2 taken as 10x10™46 esu an“ (see ref. 18).

dobserved in high pressure mass spectrometer only.
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Table 2. Sunmary of Heats of Formation of Ions and Molecules.

Species A Hf Ref.
. kcal/mol
HC=C-C=C 109 8
HC=CH 54 8
HC=C-C=ll 90 8
N=C-C=! 73 8
HC=C-C=CH* 344 8
HC=C~-C=C~C=ChY 391 8
HC=C~CaC-CaC-C=Cit ~441 8
Hc.=.c-c§c4n=cn-c_=c.# ~380 Est?
c=C g (1) =365 EstP
CLo“z+ >495, <500 See Uiscussion
ClUH4+ >447, <504 See Discussion
ol C12H4+ >502, <554 See Discussion
Cy,ilg" (Acyclic) ~436 EstC
(Cyclic II) ~390 estd
(Cyclic III) -375 Est®
C4ﬁ3+ (Protonated diacetylene) 299 14
+
o3 302 f
L+ .
S 312 f
iIC=C~C=u?t 356 8
h-\,-C !+ 382 8
naC-CaC-Cant 400 8
31n all cases for wnich data are available, the reactions [KbH=CH, + R'C=CH ->
RCr=CrC=Ck'] are approximately thermoneutral (+2 kcal/mol). Therefore,
making tae assunption of thermoneutality for [HCECCH;CH2 + HCEC-CsCH =D
HCsC~CaC~Cr=Cr-C=CH] , tne neat of formation of HC=C-Ca’-CH=CH~-C=CdH 1is
estimated as ~l17d kcal/mol. To arrive at a value for the 1onization
potential, 1t 1s seen (reference 7) that wnen a triple bond is replaced oy
a douole oond, tne ionization potential is decreased by 0.4 kcal/mol; from
@, tne value of 9.0Y eV reported for the ionization potential of CyH,
154
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(reference 1l0d), one would predict an ionization potential of 8.7 eV for
octa-1l,3,7-triyne-5-ene. Furthermore, acyclic C8H4 would be expected to
nave an 1lionization potential between that of 1,3,5,7-octatetrayne (9.09
eV) and 1,3,5,7-octatetraene (7.8 eV); interpolating linearly and taking
into account the numnper of double and triple bonds, one obtains a value of
~8.8 eV. Tne estimated heat of formation of the acyclic C8H4+ ion is thus
178 kcal/mol + -7.75x23.06 kcal/mol or ~380 kcal/mol.

Prrom  "“macroincrementation" (reference 16). The heat of formation of

cycloocta~-1,5-diene-3,7-diyne is taken as equal to AH((1,3,5,7-
cyclooctatetraene) + AH.(l,5-cyclooctadiyne) - NHf(l,S—cyclooctagiene) +
ak(planarization of 1,s,5,7-cyclooctatetraene and cyclooctadiene, assumed to
pe i4 kcal/mol). Tne 1nversion or planarization energy of cyclooctatetraene
and cyclooctadiene are explicitly included since these molecules are known to
exist preferentially in non-planar configurations, while both cyclic,CBH and
1ts oenzo-analoy are planar. A value of 137 kcal/mol is estimated for the
cyclooctadienediyne. The ionization potential of the dibenzo-analogue of I
nas been measured to be 7.7 eV. From the observation of the changes in
ionization potentials of cyclic molecules and their benzo-analogues, this
leads to an estimate of 7.9 eV for the IP of I. The resulting heat of
formation of the ion 1s 365 kcal/mol.

CSee comment a. Tne heat of formation of the acyclic CBH + that of

vinylacetylene leads to a value of -247 kal/mol for an acyclic C 2Hg
Tolecule. By reasoning analogous to that presented in comment a, %nis
compound would oe precicted to have an ionization potential of -8.,2 eV, and
tne acyclic C12H6* ion would nave a heat of formation of ~436 kcal/mol.

Yme neat of formation of tne neutral molecule witn the structure of II is
estimated from tne heat of formation of but-l-ene-3-yne (vinylacetylene) (69
Kcal/mol); since tnis molecule should be relatively strain-free, a
straigntforward estimate would lead to a value of 3(69) or 207 kcal/mol.
Tdaklng 1nto account antl-aromaticity, and estimating this contribution as
12/6 tnat of tne anti-aromaticity estimated for cyclooctatetraene, or 12/8x14
xkal/mol, one obtains 228 Kkcal/mol. A contribution of about 4 Kkcal/mol
planarization energy brings the value to about 232 kcal/mol.

(]

ine heat of formation of a species 1s increased by about 5 kcal/mol by the
benzo-annelation of a non-aromatic double bond, and one might expect a
similar trend witn openzo-annelation of an anti-aromatic double bond. On this
basis tne neat of formation of the neutral molecule corresponding to
structure IIl can be estimated from tnat of the molecule of structure I (see
L) to pbe ~192 Kkcal/mol. The ionization potential is estimated from that of
the dioenzo-analog to be approximatey 7.9 eVv.

fased on the observation that the hpdrogen affinities of structurally-
related molecules are the saneld, "From the results presented here for
diacetylene, tne hydrogen affinities of polyacetylenic hydrocarbon ions are
estimated to be ~101 kcal/mol, and therefore the heats of formation of CgHy*

and Ca“ * can pe calculated fron the known heats of formation of tne C6H2+
and Cd"2 ions.
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Table 3. Ion-molecule reactions initiated by C4H + in diacetylene:
Thermochemistry, rate constants, and reaction efficiencies.

Reaction AH Kpn?  Kpn/ZC
kcal/mol Rn Ry

C4H3+ + C4H2 -> Products 13.6 1.02
4.
Lo+
+
=> Cglg

Cgi3* + C4H, -> Products 5.4  0.45
+

-> C8H3 + C2H2 -49

+

3gee Table 2.

Dpate constants in cm3/molecule-s x 10710 Getermined in the ICR; cited rate

constants are for loss of reactant ion (i.e. include all channels).

CProoabil1ty th: + a collision results in observable reaction; collision rate
constants, 2, calculated from AQO formulation in reference 13a. Tne quadrupole
moment of C4H2 taken as 10x107“° esu an® (see ref. 18).
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times could pe predicted assuning either a "benzene-like" /"cyclohexadiene-
like" transition state or a "fulvene-like transition state" In order to fit
the observed experimental results, the assumed transition states usually
haa to oe "tighter d" or "loosened" slightly by multiplying the transition
state freguencies Dy some arbitrarily-chosen factor. The activaticn
energles estimateu 1n these calculations were not significantly different
for tne different closed-ring transition states assuned. Tne results are
sunnarizeu in Table 1, and tne calculated breakdown plots are shown as
solia lines 1in Figures 2, 3, ana 4. (Calculated breakdown plots were
sutficliently close for the two assuned transition states that only one
curve 1s shown in each Figure.) Tne results are also shown as tne features
of an assuned potential surface in Figure 1.

Tn2 energy levels of tne transition states obtained from these results
{(Table 1) are 1i1dentical for trans-1,3,5-hexatriene and 1,4-cyclohexadiene
(275 kcal/mol at absolute zero) and slightly lower (272 kcal/mol) for 1,3-
cyclohexadiene. Taking a value of 209 for the 0 Kelvin heat of formation
ot the penzenium ion, it is evident (Figure 1) that the transition states
in all three systems lie at an energy level higher than that of the most
provable products (c-CgH,* + H) by 13 to 16 kcal/mol.

The question arises of whether the differences in the energy levels
calculated for the transition states for trans-l,3,5-hexatriene and 1,4-
cyclonexadiene compared to 1,3-cyclohexadiene are real. In view of (1) the
errors 1involved in the analysis of the raw data (because of the estimates
wnicn nad to be made to analyze the shapes of the time-of-flight peaks, and
the resulting uncertainties in the position of the cross-over points) and
(2) the fact that the matches of the calculated breakdown curves with
the experimental points at energies other than the “cross-over™ points are

only approximate, it is likely that the differences are not significant and

-
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no information about the vibrational frequencies of the C6H8+ ions are

available, so vibrational frequencies of the corresponding neutral
molecules were usedl3’l4. (A comparison of the vibrational spectrum of
ground state trans-1,3,5-hexatriene cations with the spectrum of the
neutral molecule demonstrates that differences are small.)

The vibrational frequencies of the transition state, and the
activation energy for the dissociation are variable parameters. The
calculated ‘"rate-energy «curve" is used to predict the degree of
fragmentation which would be observed at any particular energy and
observation time, i.e. to calculate a breakdown curve for a particular
sampling time; this calculation incorporates a convolution with the ion
energy sampling function of the apparatus, as well as the room temperature
rotational and vibrational energy distributions of the molecules in the
starting sample. As described by Rosenstock et a19, one takes that value
for the activation energy which c.orrectly predicts the cross-over energies
(energies at which 50% of the parent ions have dissociated) of the
experimentally determined breakdown curves at the two different sampling
times as the zero Kelvin onset energy for the fragmentation process. In
the interpretation of the data reported here, the calculations incorporated
three different assumed transition states, that is, three sets of assumed
frequencies based on the vibrational frequencies of the corresponding

moleculesl3'16:

(a) a linear or "hexatriene-like" transition state; (b) a
"benzene~-like" or "cyclohexadiene-like" transition state; or (¢) a
"fulvene-like" transition state. The decamposition rates predicted based
on the open-ring structure for the transition state were sufficiently fast

in every case that the observed experimental results could not be modelled.

The experimentally-observed cross-over energies for the two observation




Lt i et o™ o £ A~ otk ol ™ el oMl Sl et el B & G it Bl B b A I Mha b ol Sl i L Al o R A M i A Vi T e iy A it ASaciiian bt —ile 40 P kol T S Pl N Y it i Bt

- e T

as a function of photon energy in  trans-1,3,5-hexatriene, l,3-
cyclonexadiene, and 1,4-cyclonexadiene, respectively. Franklin and
Carroll< reportea tne formation of C6H6+ ions in the energy range covered
nzre. liowever, 1n this and other studies? this fragment was not seen, in
spite of tne fact that the fragventation to give (CiHg* + Hy) is
tnermouynanically the lowest energy dissociation process.

Tne time dependence of process 8 was exanined by recording the
relative avundances of CgH. % and CoH;' at two different ion residence
tires, l.22 and 6.20 us. It can ve seen in the Figures that in all three
cases, tne uwegree of frayaentation at a particular energy is much greater
for tne larger ion source residence time (6.20 us) as compared to 1l.22 us.
Tnat 1is, 1n trans-1,3,5-hexatriene where considerable rearrangement 1is
necessary to form the benzeniun ion, and in the cyclohexadienes, where a
simple C-H bond cleavage would give a benzenium ion, the H-loss process is

relatively slow, occurring with a rate slower than 1l x 107 ™1

at energies
near tne experimental onset in all three cases.

ine  "oreakdown curves" generated in the photoelectron-photoion
colncidence experiments were interpreted by carrying out statistical
calculations to model the dissociation as described beforeg. Briefly,
following the determination of the energy dependence of the fragmentation
process, a gquasi-equilibrium (QET) calculation is carried out to predict
tne rate constant for the dissociation as a function of energy ("rate-
energy curve")., As usua19, the vibrational frequencies of the dissociating
parent radical cation are taken to be the same as the vibrational
frequencies of the corresponding neutral molecule. In the systems studied
here, an incomplete set of vibrational frequencies for the trans-1,3,5-

hexatriene cation has been publishedll, and was utilized along with

camplementary freguencies from the moleculelz, but for the cyclohexadienes,
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witn masses differing by only one mass unit and with TOF peaks overlapping,
are not known wWith 3 high accuracy. However, a re-calculation of the data
using an entirely different procedure to estimate tne relative abundances
(namely, Jjust taking tne two peak maxima as an indication rather than
carrying out a detailed deconvolution) resulted in estimates of the
relative abundances which were the same within +5 percent.

Over the energy range covered in these experiments (9.8-11.7 eV) no
otner fragmentation processes were obsa@rvad in the systems studiea. Tne
experimental cross-over points were identified by carrying out a
statistical analysis of the experimental curves traced by plotting the
normallzed apundances of tne C6H8+ and C6H7+ ions. Tne relative
abundances of the daughter and parent ions (masses 79 and 80) were eacn
routinely corrected to account for l3c-substituted analogues (i.e. the
apundance attributea to m/e 79 was increased by 6.6%, and this increment
was subtracted from the abundance attributed to m/e 80, after which the
residue at m/e 30 was increased by 6.6%) .

Allan, Dannacner and Maier? observed that trans-1,3,5-hexatriene
polynerizes to give a dimer which dissociates to give C6H8+ ions at
energies between 10 and 1l eV; because of this, the measurements on this
compound were repeated with a fresh sample in order to verify the observed

abundances of tne ions.

Results and Discussion

Appearance Energies of C6H7+ Ions in Selected CgHg Compounds

Figures 2 througn 4 show the relative abundances of the parent C6H8+
ions and the C°H7+ fragment ions formed in the process:

C6H8 + hv => C6H7+ +H+e (8)
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Experimental

Tne experiments were performed using the NBS pulsed ion cyclotron
resonance spectroneter wnlcn has been described previouslya, and the
cnotoelectron-pnotolion coincidence spectrometer, wnicin has also been
aescrivea’,

In the 1CKR experinents, two Or more gases were admitted to the
instrurent tnrouyn separate inlet systems, and the pressure was measured
using an 1lonization gJauje, wnlch was caliprated for eacn 3gas against a
<apacltance .nanomneter, Ion szban.ances were followed as a function of time
using th2 detection systan wuascribed elsewheres'lo. lonization was
etfecteu oy 4u ev electrons.

The time-of-flignt peaks for tne ions of masses 79 and 80 observed in
the photoelectron-paotolon coincidence experiments overlapped sligntly.
Lacn peak nad a base width of about 90 nanoseconds (i.e. nine TOF
caannels), with an overlap of about 40 nanoseconds since the  asymmetric
Gaugnitel  peak tendea to tail towards the parent peak. It was therefore
nocessary to computationally separate tne composite coincidence signal into
contributions whicn could be attributed to the fragment and parent ions by
ouserving the snapes of tne siynals which can be attributed to the
inulvicual 1ons, opservea at energies where no fragmentation occurs (m/e
du) or wnere all parent radical cations have dissociated (m/e 79); the
raxima of the two time-of-flight peaks were not in tne overlap region. The
snapes attributeda to tne TUF peaks were substantially the same in the three
suoject compounds, indicating that during the course of these experiments,
tne contrioutions to ions at masses 79 and 80 from the dissociation of
niyner molecular weight polymer impurities (as seen by Allan et a13) was

not a serious problem. Obviously, the relative abundances of the two ions
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S (walch are the precursors of the frajment ions of interest) with specific
Known anounts of internal energy tnrough charge transfer reactions:
XVruw> whHt o+ x (5)

(waere A 1s a species, such as a rare gas ator, with a w2ll-¢stavlished
ion1zation enargy). In the present study a similar approacin 1s usad to
elucidate the structure(s) of tne C6H7+ ions produced 1n tne2 allens and
progpyn2 systens (reactions 1 and 2) and as a fraygmnent ion in a variety of
Cé“c arsi CoHlu compounds.

112 KIDEULICS and tnarmochemistry of tne benzeniuu lon, assunad to oe

1-3

+ spacles forwed in most systems , are easily

toe  Sregomlnant C.'.~17

o
1nvestlgated, since 1ions wWhich unaguivocally nave tnis structure can be
generatea py protonating penzene:

MY+ cCyte -> o-Cgtiyt + i (6)

N 'faking a proton aftinity of 17%.5 kcal/mol for propylene6 as the retference,
tne proton affinity of benzene is 1381.3 kcal/mole, and from the
relationsnip:

Proton affinity(c=CoHe) = AHg(c=Cglis) + AHf(H+) - AHf(C-3637+) (7
tne bheat of formation of the benzenium ion at 298 K is 204 kcal/mol using
the stationary electron convention (i.e., taking the 293 x neat of formation
of the proton as 365.7 kcal/mol; the heat of formation of benzene is 19Y.8
kcal/mol). The corresponding 0 K heat of formation of tne benzeniun ion 1s
209 Kcal/mol. Because appearance potential measurements of C617+ fron a
variety of CQ“POUHGSZ'7 led to values for the heat of formation of tnis ion

Ot <¢VU=233 Kkcal/mol, the appearance potentials of CbH-,+ were redetermined

in tnis study for various C Hz 1somers using tne pnotoelectron-photoion

coincidence tecinique (PLPICO).
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reactions 1 and 2 was presented in a recent photoionization mass
S ACLLOTELLY stucjlb oL tnese systems. Since it was shown that the cross
section tor reaction 1l decreases winen the allene ion has excess internal
vivraticnal eneryy, wn2reas tnat of reaction 2 is unchanged by excess
encryy, 1n tne propyne ion, the authors postulated that tne fragmentations
or the leHb+j ions to give C6H7+ involve an isonerization for which there
is a oarrier wlti 3 nelght such tnat the back reaction to regenerate
reactants uscones competlitive in tne allene system, but not in the propynz
systen (waere the initial ensrgy level of tne reactants 1s much  higher).
.a& 5U3Lesteld reaction  cooruinate diayranm presented  in tnat  study 1S
. rsiaces oy the cortea lins in Figure 1.

uecentlys, the o1molecular reaction kinetics of ionic species have
ooz used as  a dlaygnostic tool for obtaining information about ion
SLLUCTJLES anu 1somerizatlen .mecnanisuns. In the simplest application, ths
prescuce  or  wltferent isovers is i1ndicated by the observation of two (or
acre)  populations naving differing reactivities witn a particular neutral
sclecule (often the parent); in tne event tnat one of these populations is
entlrely unreactive, the relative abundances of tnose species and the
1soneric 1ons can be establisned from plots of ion abundance as a function
of time. In many systems, the identities of isomeric 1ions can be
established unamnolyuously tnrough the kinetlcs of bimolecular reactions or
taroujh thermochemical information derived therefrom. For example, the
aciaity of an 1on of interest can be determined in experiments in wiaich one
ooserves whetner or not the ion transfers a proton to bases of known gas
pnase oasicity:

MHY + B -> BHY + M (4)

Furtnermore, tne effects of internal energy on isomerization mechanisms can

be investigated in such experiments by forming the parent radical cations
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Introduction

A onajor lon forneu 1n tie frajgrentation 2f a nuroer ot Ceﬁd isorers 1s

"~

Jcn7*. Alsc, tne formation oI »6H7* 1ons tnrough tne 1on~-molecule
ccnuensation-dissoclatlion s2juences:
hoC=o=Crist + i4,C=C=CH,  => [Cotig*)™ => Culot + H (1)
2 2 2 2 6"'8 “o''7

P % . s —~ " ,
H-:»k.!ij + h...=.\.\.nj -> l"éHS*] -2 C6H7 + i (Z)

15 wcll knownt,  Altnoujh numerous structures are possivle for C'.—H-,+

eatlitlies, MOST studles to cate nave assulea, Or presentea eviusnce, that
iz priscilnant gb”/+ IOInou 1t Jas pnase systems has thie  structure of
protonatea venzeiw, l.e. 1S the denzeniun (cr cyclonexadienyl) 1on, t'or
Chahple, trauslin ana carrollé exanined tne fragmentation of trans-1,3,5-
nexatriena to yive Cbﬂ7+:
Cil ,;=CH-CH=CH=CH=CH, -> CcH;* + n (3)

Tugy assigynea a cyclic structure to tn2 fragment ion, but noted that a
fraction was probaply acyclic. More recently, Allan, Dannacher and Maier3
stucled tne sane process for votn the cis- and trans- isomers, using
Duotozlectron-pnotoion  coincidence spectroscopy and taking gas phase
€ulssion spectra of tne cations. In a detailed analysis, they postulated
tnat a cyclic CgHo* ion is formed via a cyclic CgHg* precursor, and that a
second fragmentation pathway involves a linear vibrationally excited 36H8+
ion wnich c¢yclizes slowly prior to dissociating to give a cyclic product
lon. rurtnermore, recently cited collisional activation results? ingicated
tnat tne fragmentation spectra of the C6H7+ ions produced in reactions 1l
and 2 1n the allene or propyne systems, respectively, were very similar and
unaer the conditions of tnose experiments corresponded "to a large extent"
to the spectrun of the benzenium jon.

A detailed consideration of the potential surface associated with
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STRUCTURES OF CgH,* IONS PORMED IN UNIMOLECULAR AND BIMOLBCULAR REACTIONS
by

Sharon G. Lias and P. Ausloos
Center for Chemical Physics
National Bureau of Standards

Washington, D. C. 20234

Abstract

The structures, isomerization mechanxsms, and reaction kinetics of
C6H7+ ions formed in a variety of systems have been studzed. The ions
formed in the reactions (H,C=CaCH,% + H2C=C-CH2) and (Hc;ccu3 + HCaCCH3),
as well as the fragmen CeH ions 1,3-cyclohexadiene, 1, 4-
cyclohexadiene, trans-1,3,5-hexatriene, l-methylcyclopentene, 3-
methylcyclopentene, and 4-methylcyclopentene exhibit at least two
structures under the conditions of an ICR experiment. In each case, one
isamer transfers a proton to bases with proton affinity higher than that of
benzene demonstrating that this species has the benzeniun (protonated
benzene) structure. The remaining CeH * jons have in some systems (e.g.
allenet + allene, 1- and 4-methylcyclopentene) a conjugate base with a
proton affinity of 202 kcal/mol, while in other systems (e.g. 3-
metnylcyclopentene, trans-1,3,5-hexatriene) the conjugate base of the non—
benzenium isomer has a proton affinity of 205 kcal/mol. When the C6H7
ions are fommed by fragmentation of a C.H,” ion (in the cyclohexadienes or
trans-1,3,5-hexatriene) which has a wel?-geflned internal energy, it is
seen that the fraction of CcH.* ions exhibiting the benzenium structure
decreases with increasing energy. The fraction of ions with the benzenium
structure also decreases with increasing internal energy of the (CqH,* +
CyHy) reaction camplex from 0.72 in allene (energy level of separated
reactants: 315 kcal/mol) to 0.62 in propyne (energy level of separated
reactants: 327 kcal/mol).

The energetics of the fragmentation process leading to CeH * formation
have been examined in a photoelectron-photoion coincidence spectrameter for
trans-1,3,5-hexatriene, and 1,3- and 1,4-cyclohexadiene. It is found that
the transition state for the fragmentation process (C6H8+ -> C6H7+ + H] is
effectively the same in all three systems but lies at an energy level
higher than (benzenium ion + H) products.

Rate constants for reactions of benzenium ions with a variety of
organic and inorganic campounds have been determined.

~~~~~~~~~~~
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Figure Legends

A. Normalized abundances of ions observed in diacetylene in
the high pressure mass spectrameter, plotted as a function of
pressure (300 X). B. Stabilization/decomposition ratio in

diacetylene as a function of pressure. See text for meaning of

ordinate scale.

Normalized abundances of ions observed in cyanoacetylene in the
high pressure mass spectrometer, plotted as a function of
pressure (300 K). The ions are (C3HN)+n, and the displayed

numoers identify n.
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Table 5. Ion-molecule reactions in cyanogen: Tnermochemistry, rate
constants, and reaction efficiencies.

Reaction Apa kRnb Kgn/2S
kcal/mol

CZNZ+ + CoNp => Cqlig*t =54 0.35 0.032

Cangt + cptip => Ceng* 0.22  0.023

35ee ‘vaple 2.

bRate constants 1n cm3/molecule-s X 10'10 determined in the ICR.

cProaability that a collision results in observable reaction; collision rate
constants, 2, calculatea from AQU formulation in reference 1l3a. The gquadrupole
moment of Czuz taken as -9.Ux1074° esu cnZ (see ref. 18).
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N Table 4. Ion-molecule reactions in cyanoacetylene: Rate constants, and

o e reaction efficiencies.

- - .._;\"

N ) a b

m Reaction Kpn®  kpn/Z
HCaC-Cal' + [CsC-CaN => CgHuiy? 7.4 0.28

HeaC-Cad® + HCsC=Ca => [CgHgtiy*]™ => gyt + H
Cohigiip" + dCSC-Csli > HyoyN;t 1.2 0.054
Ci3Cgiiz* + HC=C-Cali => H,ycqN,*

Ci ~ + - . +

H4wl2t14 + HC=C-Czl -> Hsclst

(o) .

AsC15s* + HoaC-Cali => HgCpgie*

CigCoillg™ + HCEC-Call => HyCyyNo*

dRate constants in cm3/molecule-s X 10-10 determined in the ICR.

DP:obability tnat a collision results in observable reaction; collision rate
constants, 4, calculated from A.D.O. formulations in reference 13b.

Cupserved in high pressure mass spectrometer only.
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the transition state for all chree systems is probably the same for most
dlssociating ions.

If one accepts tnat tne differences obtained for the energy levels of
tile transition states in the two Cyclohexadiene systems (Table 1) are not
significant, it follows that the mechanism for the dissociation involves a
rearranjanent of both ions to a comnon transition state structure, which is
apparently more readily accessible to the l,3-c—C6H8+ ion than to the 1,4-
c-CcHyt (see Table 2).

It can finally be pointec out tnat although Allan, Dannacher, and
taiers estaplisned tnat in the trans-1,3,5-hexatriene system, a fraction of
tne lons excited to the ; state (onset at 10.26 eV) decay by photon
emnission, tnere 1s no obvious distortion of the shapes of the normalized
decay curves shown 1n Figure 2. (There was an observed increase in the
abundance of the parent C6H8+ ions at energies above 10.6 eV observed at

b.2V us, pbut this result nas not oeen included in the Figure because of the

lixelinood tnat it results from an artifact, sucn as a dissociation of a

polymner impurity.)

Structures of C6H7+ Ions Determined through Kinetic Behavior

'r‘r"vg ERE
. - P

Figures 5, 6, and 7 show the abundances of C6H7+ ions generated in

e

.. trans-1,3,5~hexatriene, and 1,3- and 1l,4-cyclohexadiene as a function of
; time, unger conaitions (in the ICR) such that the ions undergo collisions
EE- wlth neutral molecules. In the cyclohexadienes, it is evident (Figures 6
;’ and 7) that there are at least two populations of C6H7+ ions present, one
E, which undergoes an efficient reaction with the parent compound, and one
Ei wnich does not. Because 1in pure trans-1,3,5-hexatriene, the reaction of
p.. r‘ the C6H7+ ions with the precursor compound is relatively slow, the presence
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of two populations of ions is not obvious; however, when CH3QH is added, it
becanes clear that some of the CcH.* jons react witn this molecule by
proton transter, while a fraction do not react with methanol or with the
precursor Cli; species. From plots such as those shown in Figure 5, it is
possible to estimate the relative abundances of the two populations of
C°H7+ ions in these and other systems. Figures 8 and 9 show the abundances
of C6H7+ ions tformea through reactions 4 and 5 in allene and propyne,
respectively, as a function of time. Here even in the absence of added
metnanol, 1t 1is clear tnat in both systems, there are two distinct
populations of product C6H7+ ions, one of which reacts with the precarsor

C,iy species and one of which does not.
Identities of C6H7+ Isomers

Because the more reactive C6H7+ ions in all of these systems only
transfer protons to bases with proton affinities hnigher than that of
benzene, we can assume that these ions are actually benzeniun ions. In
order to further confirm the identity of this ion, the rate constants for
reaction of authentic benzenium ions (prepared by proton transfer from CHS+
to benzenels) were canpared with rate constants for analogous reactions of
the more reactive C6H7+ populations generated in the systems under
consideration here (Table 3). The point of interest 1s that within

experimental error the same values for the rate constants (k = 2.0+0.5 x

v

10-10 cn3/molecule-s) were obtained for reactions of the C6H7+ isomer with

Cdy0d  1n every system; the only reaction channel observed was proton
transfer, wnich 1is slightly exothermic (by 0.6 kcal/mol) for benzenium
lons.  (As will be shown below, other CgH,* isomers have conjugate bases
with higher proton affinities.) Also, the rate constants for reaction of

benzeniun ions with allene and propyne are within experimental error the
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sane as those ascriped to the reactive CgH* product ion (reactions 1 and
2) in pure allene and propyne, respectively (Table 3).

Some 1information about the identities of the non-benzeniun isomers,
1cbﬁ7+}, formed in the various systems can be obtained from experiments in
wnicin other bases of known proton affinity are added to the systems, and
the occurrence or non-occurrence of the reaction:

{C6H7+} + B ->eHt + Cghg (9)
1o Nnoteu.

lavle 4 gives tne details of the bracketing experiments performed in
ta2 clfferent systemns studied here. In these various systems, the C6H6
conjujate bases of the {C6H7+} ions exhibit three different proton

atfinities (or possibly "apparent" proton affinities if the structure of

tne 1on and that of tne corresponding conjugate base are very different,
l.e. 1if an isomerization 1s involved in the deprotonation). For instance,
p in a nuwer of systems (allene, 1,3- and 1,4-cyclohexadiene, 1l- and ¢-

metnylcyclopentene) the {C6H7+} species transfers a proton to tert-C,HgOCH,

;Z; {proton affinity, 202.2 kcal/mol)6 but not to (C,Hg) ,CO  (proton affinity,
. 20l.4 kcal/mol)® demonstrating that the CgH, conjugate base corresponding
to tne {CH;'} generated in the system has a proton affinity of 201.8+0.4
xcal/mol. In_other systems (trans-l,3,5-hexatriene, 3-methylcyclopentene)
the {C6H7+} species transfers a proton to (iso-C3H7)0 {(proton affinity,
205.6 kcal/mol)® but not to hydrazine (proton affinity, 204.7 kcal/mol)s,
pinpointing the proton affinity of the conjugate base as 205.2+0.5
kcal/mol. In propyne, one or both of these isomers may be present, but
there is formed, in addition, a CgH,* ion which does not transfer a proton
to molecules having a proton affinity as high as 226 kcal/mol.

In order to address the question of the structures of the three non-
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benzenium {C6u7+} species formed in these systems, it is necessary first to

-ffﬂ- consider the heats of formation of possible isomeric structures, along with
tne neats of formation of the conjugate C6H6 pases which would result upon
deprotonation. Table 5 surnnarizes experimental heats of formation of C6H7+
ions, and estimatea heats of formation of certain other isomers for which
experimental data are not available. The Table also gives estimated or
experimental heats of rormation of the C6H6 conjugate bases, and the proton
attinities of tne conjugate bases. Tne proton affinities of 1,5- and 2,4-
hexadiyne were determined by oracketing experiments to be in both cases
196+3 kcal/mol, leaciny to wvalues for the neats of formation of the
corresponaing protonated molecules of 26y and 260 xcal/mol, respectively.
Of the C.H," ions listed in the Table, those which apparently most
closely .wmatch tne tnermochanistry of the {C6H7+} ions formed in ﬁost of
tnese systems are the two protonated fulvenes II and II1 (Table 5). In
audition, 3,4-dimethylenecyclobutene is predicted to be associated with two
proton affinity values (corresponding to C6H7+ ions IV and V in Table V)
wilcn are also estimated to be close to 202 or 205 kcal/mol. The

vinylcyclooutenyl ion (VI) might be expected to deprotonate to yield an

acyclic CeHg Product since a substituted cyclobutadiene product would be
hignly strained; depending on the identity of the C6H6 isomer formed, the

p
r..
ﬁ;' "apparent" proton affinity which would be manifested in the deprotonation

Eg% of this ion might also lie in the vicinity of 202 or 205 kcal/mol (Table
; . 5). Tne energy levels corresponding to formation of these C6H7+ ions are
E shown on the composite potential energy diagram given in Figure 1, where it
[. 1s seen that, of tne possible structures which can be assigned to the
.ﬁ' {C6H7+} ions, the protonated fulvenes are predicted to be favored on
- energetic grounds. On the other hand, Bowers et all? examined the

isotopic labelling of product ions formed by the loss of ethylene from the
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ks condensation ion formed from (CDy=C=CD,* + CHy=C=CHj), and concluded that
the results coula best be explained by a C6(H,D)8+ precursor having a
Jdimetnylenecyclobutane structure. If H loss proceeded from the same
precursor structure, then structures IV or V would be implicated.

Tne dissociation to form C6H7+ in the methylcyclopentenas occurs on
tne C°H9* potential surface rather than on that of C6H8+, but it may be
possiple to use the differences in the identities of the non-benzenium
proaucts forned in these campounds as a clue to their structures. If one
surmlses tnat tne loss of an H-atom from the 3-methylcyclopentene ion will

~ g+ N
leaa to tne LédB spacles:

IX
winlle l-metnyl- and 4-methylcyclopentene ions will most likely form allylic
Cyiiy’ product ions, such as X or XI:
X X1
then one would readily identify the expected product of further
dissociation of IX as II, and that of X and XI as III.
In the case of the propyne system, the energy level with which the
(®

C6H8+ condensation ions originate is sufficiently high (Figure 1) that a
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dissociation channel is available which is unavailable in the other systems
studied here when ionization is effected by electron impact on the parent
molecules. As shown in Table 4, C6H7+ ions are present in the propyne
system wnich do not transfer a proton to bases having a proton affinity of
220 kcal/mol. The thermochemical considerations summarized in Table 5
indicate that isomeric ions containing three-membered rings might possibly
deprotonate to give C6H6 species with proton affinities higher than 226
kcal/wol, but the formation of these ions is predicted to be energetiéally
accessiole to the C6“8+ specios formed in allene as well as in propyne, and
tiiss  woula not be consistent with the opening of tnis channel for C6H8+
ions  1n propyne bat not in allene. Tne energy levels of many of the
acyclic CH," ions are sufficiently high that the structures would only be
accessiple to 1ons forred in reaction 2, but the proton affinities of the
conjujate CyHe bases lie 1n the range 195-200 kcal/mol.

It would appear from the information summarized in Tables 2 and 4 that
tne 1centity of tne particular non-benzenium CgH,* isomer which is formed
15 Jdictated more by the structure of tne precursor species than by the
en2rgy level, For example, both the 1,3- and 1,4-cyclohexadiene ions form
tnz sane non-benzeniun 1isomer (proton affinity of conjugate base, 202
kcal/mol). Tnis is the same isomer as that formed in the allene system
(reaction 1) with a probablity of 0.30. On the other hand, the trans-
1,3,5-nexatriene ion (wnich might be expected to undergo ring closure to
form an excited 1,3-cyclohexadiene ion) does not dissociate to give that
non-penzenium isomer but the alternate species (proton affinity of
conjugate base, 205 kcal/mol), and with a probability of only 0.13. Since
tne identity of tne non-benzenium isomer formed in trans-1,3,5-hexatriene

is different from that in the cyclohexadienes, one must assume that this
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dissociation involves a different transition state, possibly ring closure

to directly form a five-membered (or a four-membered) ring. This is in
accora the conclusions reached by Allan, Dannacher, and Maier3, who
interpreted their results in terms of two competing slow ring closure

processes.
Relative Apundances of C6H7+ Isomners as a Function of Energy

More 1ntormation about the energy dependence of the processes leading
to tne formation of different CbH7+ isomers was obtained in experiments in
walcn  the parent radical cations which are the precursors of the fragment
ions of 1nterest nave been generated in the ICR with known amounts of
internal energy through charge transfer reactions:

X"+ Celly => [CgHg*)™ + x (10a)

(CeHg*1™ => CeHyt + (10b)

where ¥ is a Xenon, Krypton, or argon ion with a recombination energy of,
respectively 12.1, 14.0 or 15.75 eV. Figure 10 shows the relative
abundances of c-C6H7+ and {C6H7+} ions generated in trans-1,3,5-hexatriene
ana in 1,3- and l,4-cyclohexadiene as a function of energy (where {C6H7*}
is the non-benzeniun isomer). in both 1,3,5-hexatriene where considerable
rearrangenent 1s necessary to form the benzeniun ion, and in the
cyclonexaaienes, wnere a simple C-H bond cleavage can lead to a benzenium
ion, the relative abundance of benzeniumn decreases with an increase in

energy imparted to [C6H8+]'

Conclusions

Tne C6H8+ ions generated in propyne and allene, as well as the parent
ions of trans-l1,3,5-hexatriene, 1,3- and 1,4-cyclohexadiene, each undergo

at least two fragmentation processes leading to different C6H7+ species,

177

™ R SN . S - .~ AR . A .“'_.'. \.,‘-_‘-‘.
DA IIN SN Y JPU PSS W W SN SO SP S Mo, VTR DR S I S CIT RN RIS,

e « . . . AT . . T =
T T T e L W L e e TS LA S e e



- (g Ala~ g - Ol - it i e i~ Al A} - - ~ ChC A 2~ Bl e "I * Al "R S b :'E_Y PRt el Wit ty b Sl Sl s it nd cad anit Snll Sad Andloaadl Sl b I. Ll ‘,‘I‘T"”

with the process leading to non-benzenium isomers increaéing in importance

\%:" wltn 1increasing energy. The loss of an H-atom from 1,3- and 1,4-
c,clonexadiene raaical cations is a slow process, associated with a
transition state waici lies at an en2rgy level about half an eV nigher tnan
taat of tune lowest enargy products, (c—CGH7+ + H). In the cyclohexadienes,
tie dissociation mecnanist leading to the benzenium ion apparently can not
pe gescriped as a simple lengtnening of a C-H bond.

At least tnree different non-penzenium C6H7+ isomers are observed in
ta: systems studled nere. From an examination of the energetics of proton
transfer fron these non-benzenium isomers, and estimations of the proton
atiinities of possible C H. conjugate bases, it i1s concluded that the most
likely structures are the two protonated fulvenes, II and I1I, although the
protonateu dimethylenecyclobutenes, IV and V, can not be ruled out on the

_ basis of tne proton transfer "bracketing" experiments.

178

P Te e [ S L O P '."‘..L'.‘-'.h
S T T T e i T T WP A TN
- D T A SIS T S
PO AR W PRI SR LWL WS T SURE W VAR WA NG W VA 9 4




L A A L R AR A A L A i i o vl

AcKnowledgements

RO Tne pnhotoelectron-photoion coincidence experiments were carried out
using tne apparatus and associated computer prograns for interpretation
origlnally put together by urs. Henry M. Rosenstock, koger stockbauer, and
Albert Parr. we would 1like to thank Drs. Stockbauer and Parr for
graclously acceding to our use of tnis instrurent. One of us (S. G. L.)
gratefully acknowledges being tutored in tne use of the apparatus and
proyrans by Or. Janes Butler. Tne late Henry M. Kosenstock also
contriputed gyreatly to our education in the interpretation of results from
pnotoelectron-pnotoion coincidence experiments.

A detailed critical reading of a preliminary draft of the manuscript
by Jr. Josef Dannacher was invaluable to the authors, particularly in
arriving at a correct presentation of the photoelectron-photoion
coincidence results. Dr. Dannacher's connents prompted a detailed re-
evaluation of the relative contributions of tne parent and daughter ions to
tne composite a/e 79-m/e 80 time-of-flight peaks; he also suggested the
1aclu: on of a sentence pointing out the apparent lack of an =2ffect on -the
sunape o0f tne decay curves of tne radiative decay from tne 1,3,5-hexatriene
cation A state,

Discussions witn Dr. Joel Liebman and Dr. Stephen E. Stein provided
useful insights in the estimations of thermochemical quantities presented
in tabple 5.

This work was supported by the Air Force Office of Scientific
researcn.




LAE NS

"t

PECate Rn Ytie A0e Rl “H g Eab Aa i dag B Sl B AN B g a0 B G AN AV AL Al jeed o BARL g nan i alh - iy

*(LL6T) 9TLT ‘18 *woud *shug °r ‘uosudg °M °S pue ‘Uaprod ‘W °*q ‘meus ¥ Suh:

*(L61) Xxassng jo Aitrsiaarupn ‘,spuncdunD
SryTe3Iawouebip pue druebip :eieg Tedtwsyoowiayl pasAteuy 193ndwod 7 °d °N - XISSNS, soouerhy *r pue AsTped -8 °r Woldg

* (uoTaEDTUNUMVD Teuosiad ‘ueugadt] *J °r) PaIewTIsyy
svoryewnoy  Lu%
J0J S3IVSUC UTATSY 019z 03 puodsaIrod Yotys ‘sTeriualod aduelreadde PIITO aul utezqo 03 syerjuajod UOTILZIVOY AN 103

sanTeA 21n3e1317 01 DPOppe ST STY3 ! (UoTSsSnOstg 99S) suorye[ndTed 130 a4yl Aq pajorpaid Ariemyoe Karquenb a3 st STUL,

*Ab1aua 19A0-5501D PIA13SqO-ATTeUSWTI2dXD
otpexd A13091300 03 19pI0 Ul PITTAIITNW 3 jSni Tapow 93els uollrsueny jJo satouanbaijy Teuorjeaqra YdTym Aq uOuuohv

* (eGT 20U919391) SUSATNJ JO sB1OUSNDIII TeuoTIRIqIA WO POATISP sartouanbaxy ajeys uortisuexy - 3 2(qst
20U319]91) BudzUaq JO S81O5uaNbIIJ TeuolieIqIA WOIJ POATISP $310uaNbaiy IILIS UOTITSURIL - @ :TSpoW IJLIS  UOTITSURIL,

*(LL6T) T °"1ddns ‘9 ejeq °Jay *weyd °*SAyd "L ‘UCIISH I ‘[ pue ‘IBUTAIS M ] ‘Txeag °y ‘YO0ISUSSOH W “H WOl3,

“GT Pue p1 ‘€T ‘Z1 S90ud13J21 wo1j satousnbaiy reuotjeiqra fulsn apew sanyea y Q0 03 §6Z WOIJ SUOTID9110D,

(¥ 862)692° (1 0)SLZ $55°01 z°1- SEL'T  000°1 a _ o1 0) °z¢ 8.9
(¥ 862)69Z* (¥ 0)6L7 L6501 L1- SEL°T 26670 8  20°0+28°8 y 862)°92 n29-o-y 1
(¥ R862)99Z° (¥ 0)7LZ SH°01 L°9+ 61°C 926°0 d _ M 0) *1e g
(% R62)99Z° (M 0)7L2 Sp 0T voo+ 0z°z  818°0 g Z0°0+5Z°8 g1 862) 67 12o-0-¢ 1
(% 862)69Z° (1 0)5L7 566°6 g €- SL9°T  €80°1 a _ (% 0) “op
(¥ R67)692° (M 0)GL? GH6°6 £°6- 699°7  £20°1 q  zo'0+8Z°8 304 862)°0F  ZHO=HOHO=HOHD=" HD-SUe1)
Tow/Tesy .
*3S UOTITSURIY, o Tou- 1es ) ) Tow/jeoy
1aae Abzauy  (,Li0D)av 1Vgy o' Va pro1ves s1 qBudar e (BH9) 3y 895

) -

o v szawost 8% ur suor ,LH95 jo serbrewnm soueieaddyg’ * aTqel

180

SN,

.

T
ol i

.
o,
y e,

Y}
Lal.

.
-
b

h.{

o
ja_ |
43a.

ey T
[

¢ dta
N

LY
-

=

|

. -
e
L

S

Al Al £

w, .
-
a

w1a

.

SO A TR
KR CHCRL LY
ML

w




- .

Table 2. Probabilities of Formation of C6H7+ Isomers in Allene and Propyne, and
through Electron Impact? or Charge Transfer in Cgtg and CgHy Compounds.

Per Cent of C.H,*t
67
Proton
Precursor Benzenium Ion Non-Benzenium Ion Affinity of
Conjugate Base,
Non-Senzenium

Isomer
kcal/mol
Cn3C£Cﬂ+ + Crl4Cald 44 56 >226
= + o
CH,=C=Cii ,* + CH,=C=CH, 70 30 202
Crl2=CHCH=CHCH=CH2+ 87 13 205
Xet + M 91 9
ket + M 83 17
art + M 80 20
1,3-c=CeHg* 91 9 202
xet + M 94 6
Ket + M 77 23
art + M 73 27
l,4-c-CaHB"’ 46 54 202
Xet + M 75 25
Ket + M 43 57
Aart + M 37 63
; +
1-Cil3-c—C.H, 91 9 202
3—ca3-<:-csu7+ 88 12 205
4-CHy-c=CgH,* 85 15 202

3Electron impact results: ionization of precursor molecule effected with 40 eV
electrons.
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'Table 3. Rate Constants tor Reactions: C6H7 + M => Products

Source of Cb'ri-/.+ Mo kg X 1010 ond/molecule-sec Kgn”/Z Al Reaction®
kcal/mol
Crig* + Benzene® CH30H 2.5 (326 K) 0.16 -0.6 PT
Cri,C=CH 1.6 -0.7 PT
Crl,=C=CH., 0.44 -5.0 : PT
CH3CHO 13.5 0.66 -5.3 PT
Cri4 S 6.6 0.54 -6.1 PT
P 2.6 0.24 -7.3 PT
HCOOCH, 8.5 0.58 -7.6 PT
Crl30CH, 11.6 0.84  -10.8 PT
HCOO (n=CyHg)  14.3 0.92  -13.5 PT
- i-C,Hg 5.8 0.48  -14.6 PT
CH3COCH, 21.8 1.0 -15.4 PT
CH,=CHCH=CiACri=CH, 4.5 C
Cri )=CriCi=CHCH=CH ¢
CH,=CHCH=CHCH=CH, 4.2 c
CHOH 2.3 PT
1,3-C Hy
Ci 50 2.0 PT
CiH4CHO 14.2 PT
CH,0CH, 10.7 PT
1,4-C6H8c
CH4OH 1.9 PT
R CHCHO 12,7 PT
' CH;0CH, 11.0 PT
182
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Kan X 1010 cm3/molecu1e-sec kRn/Z

Taple 3. Continued.
Source of Ct,* M
Cii ;C=Cr
CH3C£CH 1.5
Cr,,=C=CH,©
Ch2=C=CH2 0.5

4py = proton transfer; C = Condensation

Pirror limits, +10%

AH Reaction?

kcal/mol

rate constants determined after subtracting out abundance of non-benzenium

isomer; error limits, +25%
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Table 4. Proton Affinities of Non-Benzenium C6H7+ Isomers through Bracketing?@.

Reactant Molecule
‘ (C2H5)2co (t-C4Hqg) OCHy  H,NNH,
Proton Affinity® (kcal/mol): 201.4 202.2 204,.7

(i-C3Hq) 50
205.6

Lo+
Precursor of CE“?‘

[H:scuﬂ3* + HCaCCr4) € 0 0 0
[CHy=C=Cu,* + CH)=C=CH, ] 0 PT PT
1,4-c=C H, 0 PT PT
trans-Cii, =CHi-Ci=CH-CH=Cil, 0 0 0
c~CHo=1=Criq 0 PT PT
Ce=C il =3~CH 0 0 0

a8, = o reaction; PT = Proton transfer from C6H7+ to M was observed.

Pproton affinity data from reference 6.
c

“ne non-benzenium C H7+ isomer formed in propyne does not undergo proton transfer

with Z-methyltetranyarofuran (proton affinity 205.6), niline (proton affinity,

209.5 kcal/mol) metnylamine (proton affinity, 214.1 kcal/mol),
(proton affinity, 225.9 kcal/mol).
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Taple 5. Thermochemistry of C6H7+ Ions and Conjugate CgHe Bases.

Ion AHf(298 K) Ref. Conjugate AHf(298 K) Ref. Proton
kcal/mol Ba kcal/mol Affinity
kcalgmol
H_H
I @ 204 6 @ 19.8 20,22 181.3
11 @ 213 Estd (5 53.8 21 206
228 Est? 19l
242 232 177
111 é 214 EstP é 53.8 21 205
+

s v tpf 234 EstC t( 80.2 21 212
N\

v 245 Estd t( 80.2 21 201

VI EF 259 Est® P — 99.1 22 206
or

VI A

=B 87 22 194

=
o 222 estf 114 Est9 258
237 23 243
-’:-
- )
9 VIII 222 EstP A 127 Est! 2n2
:;
r'
-
=
o HCBOCH,,CH,CoCH2* 20) This work  HCEOCH,CH,CaCH 99 22 196
g M»
p.- - s
SO CHyCHsC-CACCH3*+ 260  This work  CHyCaC-CaCCH, 90 22 196
.
S
b
-
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Table 5. Continued.

Ion aHg (298 K) Ref. Conjugace AHf(zga K)  Ref. Proton
kcal/mol Base kcal/mol Affinity
H C=C-C=L-CoHgt 271 Est HC=C-C=0-C)iig 103 22 198
H,C=CCH,c2CCHy Y 276 Est HCEOCH ;CsCCH, 106 22 196

3(1) value of 213 kcal/mol: Estimated assumning that the hydrogen affinity of the
Cbe+ radical cation will be similar to hydrogen affinities of species with similar
structural features which add H to give product cations which are structurally
similar to the relevant CcH,* ions (Ref. 22). Taking the hydrogen affinity (HA) of
metnylene cyclopentane ion as 84 kcal/mol and HA of 2-methyl-l,3-butadiene ion as 91
kcal/mol, one estimates a hydrogen affinity associated with the formation of this ion
as &7+3 kcal/mol leading to an estimated heat of formation of the ion of 211
kcal/mol; the heat of formation of the fulvene cation is 246 kcal/mol. An estimation
based on tne hydride affinity (i.e. based on the heats of formation of
metnylcyclopentadienes) leads to a value of -213 kcal/mol. Both of these approaches
neglect the destabilizing effect of the "anti-aromaticity" of the five-membered
conjugated ring. The magnitude of this effect can be estimated by examining the
differences between the neats of formation of C H5C HCH=CH, (~242 kcal/mol) and the
ion to:med by loss of an H atom fzom indene (~276 kcal/mol), or between
CH =C:1. *HCH=CH (-216 kcal/mol) and c-C sH (252 kcal/mol); on this oasxs, if we take
a value of f7a kcal/mol for the heat o? formation of (CHZ-CH) c*ei then ring
closure woula lead to a C=CgH,Ciiy * ion with a heat of formation of 213 Ecal/mol. (2)
Value of 228 kcal/mol: Another approach to this heat of formation is to examine the
stabilization effected by replacing an H atom by a methyl group in other cyclic C
ions; in CyH3* (aromatic case) and in CgHc* (non-aromatic case), such a substitution
leads to a "lowering of tne heat of formation by 20 kcal/mol. Substitution of a
methyl group for an H-atom in ¢c=C:H *, then would give a c=CgH Cl-l3 ion with a heat
of formation of <232 kcal/mol sxnce the stabilizing effecé of “methyl should be
greater in the anti-aromatic case). If we assune that the heats of formation
estimated from H-atom affinities or from hydride affinities must be corrected for the
destabilizing effect of anti-aromaticity (+35 kcal/mol) in a methyl-bearing ring (-20
kcal/mol), then the value of 213 kcal/mol estimated above should be increased to
approximately 228 kcal/mol. All thermochemical data from references 6 and 20. (3)
Stein (reference 23) estimated a value of 242 kcal/mol for the ion. On the basis of
tne considerations presented here, it seems that the heat of formation lies between
~213 kcal/mol and ~232 kcal/mol (i.e. the proton affinity of the conjugate base is
bracketed between 187 and 206 kcal/mol).
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Estimated assuming that the hydrogen affinity of the CgHc* radical cation will be
similar to hydrogen affinities of species with similar structural features wnich add
H to give product cations which are structurally similar to the relevant CgHy* ions.
Py HA of 1,3-pentadiene ion = 85 kcal/mol; HA of cyclopentadiene ion = 84 kcal/mol

- {thermochemical data from references 6 and 20); taking a value for the heat of
formation of fulvene of 53 .5 kcal/mol (reference 21), the heat of formation of the
fulvene cation is 246 kcal m»l (ref. 20).
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hamd Pestimated using "macroinc:e‘nentation" (ref. 22). Takmg AH

Cistimated assuning that the proton affinity of C6H6 will be similar to that of 1-
metnyl-3-metnylenecyclobutene (reference 6),

dE.stxmated assumning that the proton affinity of Cgtlg will be similar to that of

dimetnylcyclobutene (reference 6).

©Lstimated using "macroincrementation" (ref. 22). Taking bHg (c=C H4CH3) = 234

kcal/mol, AHf(CH C‘"C”Z) = 4.8 kcal/mol; MHE (CoHg) = =20 kcal/mol. (Thermochemical
data from ref. 20

f1-.st1'nate:l using "macroincrenentation“ (ref. 22). Takxng AH (c-C H ) = 257 kcal/mol;
AH (c—C = 237 kcal/mol; (c-C3H2Crl-CH2 ) = 242 kcal/moi (ref. 20), then
7 + - 157) kcal/mol 222 kcaf/'nol.

9estimated using “macroincrementation" (ref. 22). Taking 8Hg (c=C,H = 48
kcal/mol; AHE(@C3H ) = 12.7 kcal/mol; AH (1, 3-C H ) = 26 kcal/mol, Aﬂ 1CH EH-CH 2)
4.8 kcal/mol; tnen (48 + 58 + 26 -~ 13 - SF kcal/mo = 114 kcal/mol. (&hermocnexmcal
data from ref. 20).

) = 242
kcal/mol; f(l 13-Cy4 H *) = 235 kcal/mol; AHg (1,3-CeH ) = 1.1§ kcai/mol, then (242 +
215 235) kcal/mol = 2 kcal/mol. ('I"nermochemcal aga from ref 20.)

'hstimateo using “"macroincrementation (ref. 22)., Taking AH (c-c H ) = 66 kcal/mol;
Ari (c=C3Hy=CH,) = 48 kcal/mol; AH (c-C3H6) = 12.7 kcal/mol; (l 2-Cy4He) = 39
kcal/mof AH g(CoHy) = 12.5 kcal/mol, then (66 + 48 13 + 39 12 g) kcal mol 127

kcal/mol. (Thetmochenxcal data fram reference 20).
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Figure Legands

Approximate potential surface (at 298 X) for [C6H toc d7+ + H]
dissociations in 1,3,5-hexatriene, 1,3-cyclonexadiene, and 1,4-
cyclohexadiene; the energy level of tne transition state relative to
tnose of the parent radical cations is derived from experimental
results reported nere. The energy levels ¢f the parent ions ana tne
[penzenium 10n + H) products are from tne literature (references 6
anma 20); energy levels of the protonated hexaalynas are from tnis
work, and of other prouuct ions are estimated in Table 5. Tne dottad
line represents the potential surface reported for the [Cd2=C=CH2+ +
Cri,=C=CH;] and [CH;C=Ch* + CiH;C=CH] systems in reference 1.

liormalizeda relative abundances of C6H8+ (Q) and C6H7+ (A) ions in
1,3,5~hexatriene as a function of pnoton en=rgy in the photoelectron-
pnotoion coincidence apparatus. Tne circle and triangle symools
denote results ootained usinj a detailed analysis of the shapes of
tne overlapping time-of-flight peaks; associated horizontal dashes
indicate relative abundances based on peak maxima only, as described
in the Experimental section. Results are given for ions having
resicdence times in the source of 1.22 us and 6.20 us. The dotted
line is the breakdown curve derived from the rate-energy curve
calculated using the pararneters given in Table l. Curves based on
the assumption of a "benzene-like" transition state or a "fulvene-
like" transition state are eifectively the sarne. .
Normalized relative abundances of CeH + (Q) and C6H7+ (A) ions in
1,3-cyclonexadiene as a function of photon “energy in the
photoelectrop-pnotoion coincidence apparatus. Tne circle ang
triangle symnbols denote results ontalned using a detailed analysis of
trne snapes of tne overlapping time-of-flight peaks; associated
norizontal dashes indicate relative abuncances based on peak maxima
only, as described in the Experimental section. Rasults are given
for ions having residence times in the source of 1.22 us and 6.20 us.
Tne dotted line is tne preakaown curve derived from the rate-energy
curve calculated using the parameters given in Tadle 1, Curves based
on the assumptlicn of a "penzene-like" transition state or a "fulvene-
like" transition state are effectively tne same.

Lormalized relative abundances of C6H8+ (O) and C°H7+ (A) ions in
1,4-cyclohexadiene as a function of photon “en2rgy in  the
pnotoelectron-pnotoion coincidence apparatus. The circle and
triangle symools oenote results ootained using a datailed analysis of
tne shapes of tne overlapping time-of-flight peaks; assoclated
horizontal dashes indicate relative abundances based on peak maxima
only, as described in tn2 Experimental section. Results are given
for 1ons naving residence times in the source of 1.22 us and 6.20 us.
Tae dotted line is the breakdown curve derived from the rate-enarjy
curve calculated using the parameters given in Table 1., Curves based
cn the assumption of a "benzene-like" transition state or a “fulvene-
like" transition state are effectively the saxe.
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5.

10.

abundance of C.y.* generated in 1,3,5-hexatriens in the ICR, plotted
as a runction of time in tne presence (a) and absence (b) of added

Apundance of CcH,* generated in 1,3-cyclohexadiene in tne ICR,
plotted as a function of time.

Abundance of C.4,% generated in l,4-cyclohexadiene in the ICR,
plotted as a function of time.

Abunfance of CG“ * forined in the reaction [Crl2=C=CH2+ + Cd2=C=Cﬁ2 ->
CgHy™ + H], plotted as a runction of time in the ICR.

Abundance of C6“7+ forwmed in the reaction [CH3C=CH+ +. GiC=Cd  ->
CsHy* + HJ, plotted as a function of time in tnd ICR.

Relative fractions of non-benzenium C_H,% isomers gensrated in CsHg
isomers (trans-1,3,5-haxatriene, 1,3-cyclohexadiene, and 1,4-
cyclonexatriene) in tne reaction [X* + C.Hg -> C.H* + H + X], wnere
X 1s Xe (ionization potential 12.1 eV), Kr (ionization potential,
14.0 ev), or Ar (ionization potential, 15.75 eV).
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produced by tne :nitial pulse. For this reason, each series of

intensity-time profiles (for individual masses) were collected after a
~r~e-condltioning period, and successive cserles were taken from a new spot on

the surface. To check the amount of signal loss, with the number of laser

shots, the major peak 731 w315 sampled both at the beginning and end of a

FLiRures -5 snow ti.me-resolved, averaged intensity-profiles for the 36
(23‘,_ 12 02,7, and 24 {C;') amu ions, respectively. Similar data were
collected for the ions Cu' and CS‘. As has been noted in previous studies,
during initial heating hydrocarbon impurities are released from even high
purity graphite (e.g., see Zavitsanos and Carlson, [1973]). In the present
study, this effect was observed primarily in the form of CZH+ (25 amu), C2H2+
{20 amu), and CUHQ* (50 amu) mass spectral ions during the initial first few
laser shots onto a given surface position. These signals tended to vanish
more rapidiy than those for the C, species, suggesting the presence of

surface hydrocarbon contamination. Of particular note was the long time

delay for the 26 amu (C2H2) species, as compared with the Cp ions. A similar

[$2]

ffect may be noted in the results of Lincoln {1969]. For comparison, both
our data and Lincoln's show a time difference between 26 and 36 amu of 150 to
00 p sec. We attribute this time delay either to the C2H2+ arising from
electron impact fragmentation of a heavier polyacetylene precursor (e.g.,
Cqu) or, to a reaction time such as diffusion in the substrate. The 57 amu
(CuHQ‘) ion showed an even larger delay time and the intensity-time profile

was exeptionally wide,
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From post-run examination of deposit patterns around vacuum chamber
apertures, the vaporization process was shown to be approximately independent
of the laser incidence angle and the plume was normal to the surface to
within a few (-~ ¢+ 5) degrees for sample-surface to mount angles from 45 to 15
degrees,

In a typical laser-induced vaporization experiment, a | nsec 10 mJ laser
pulse was focused at the sample surface by a 500 mm focal length f/10 lens
which produced a spot size of 250 microns. The 20 J/cme of deposited energy
is converted into thermal excitation at the surface and penetrates to a depth
of only a few tens of atomic diameters. Rapid vaporization occurs, leading
at peak-temperature to the formation of a gas-dynamically stabilized plume
which yields a molecular beam. The beam is collimated by three circular
differentially pumped apertures, and travels a distance of 26 cm between the
sample and ion chamber. Each aperture is sized to just allow clear passage
cf the beam through the 4.8 mm diameter entrance aperture of the mass filter
ion source, and also through the larger ion source exit. Species are ionized
by electron impact at adjustable voltages, and mass analyzed by a quadrupole
mass filter. Tnese filtered ions are then collected and amplified by an
electron multiplier., The signals are averaged, with 0.5 usec/channel time
resolution, and the sweep synchronized by a trigger generated from the onset
of the laser beam. This data collection process gives a time resolved
intensity-profile of an individual mass peak. Sufficient signal time-sweeps
are collected (typically between 100 and 1000) to provide reasonably good
3ratistics 1n the leading edge and peak centroid area. The process is
repeated for each individual mass peak. It was observed that, dependent on
las2r beam to surface angle, the initial signal intensity would decay during

the first few tens of pulses and then stabilize at a value about half that
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Figure 2 shows details of the VHPMS vacuum system. The viewpoint
(normal to the page) is that of the entering laser beam. For the present
study, the chopper, in stage III, has been anchored with an open aperture
centered on the beam line. The blade apertures are much larger than the
diameter of the collimated beam. In the vacuum system, the mean free path of
gas is always much greater than the local geometry. And, in the sample
region, the pumping speed is calculated to be at least 1500 1/s. This pump
conductance has been confirmed by pressure measurements at known gas loads.
Although tne laser pulse and vaporization time scale is too short for the
pressure gauges to respond, the local pressure outside the gas-dynamic shock
boundaries should be in the molecular flow regime. Thus we can eliminate
from consideration any possible perturbation by post-expansion collisions.

The sample was mounted on a stainless steel bar. Graphite samples were
taken from a rod of spectroscopic grade graphite selected by the NBS Analyti-
cal Chemistry Division for spectrographic analyses on the basis of its
freedom from contaminants. The hydrogen content is unknown but probably
insignificant, although weak mass spectrometric signals were observed
corresponding to C,H, and other low hydrogen-containing species. Possible
hydrocarbon contributions to the Cn (n =1 -5) ion signals are estimated to
be less than & few percent and can be neglected. Sample preparation con-
sisted of parting-off a short section of 1/4 inch (- 6.4 mm) rod, and milling
a flat of the desired angle using carefully cleaned steel cutting tools. The
angie between samplie surface and mount (or laser beam, see figure 1) was
chosen as 15 degrees for the data reported here. This geometry represented a
compromise between the laser-entrance and mass spectrometer sampling angles.
The reduced mass flux for the slightly off-axis sampling was not expected to

be significant, as shown by the earlier study of Covington et al., [1977].
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"5_~ 2. Subtask A: Laser Vaporization Kinetics of Carbon-Containing Refractories

--Results and Discussion

2.1 Apparatus and Experimental Approach

The basic apparatus, developed especially for this subtask, is shown
schematically in figure 1. Note that the laser, molecular beam orifices, and
mass spectrometer are configured to reduce the possibility of laser inter-
action with the portion of vapor plume directed toward the mass spectrometer.
Such an interaction could lead to ionization and plasma effects not charac-
teristic of the vaporization process, as noted in earlier studies, e.g., see
Lincoln and Covington [1975]. The laser beam enters the first pumping stage
of the Vertical High Pressure Sampling Mass Spectrometer (VHPMS) at right
angles to the mass spectrometer beam line, as shown in figure 1.

The laser system basically consists of an externally mounted 10 Hz
Nd/YAG laser (very recently upgraded to 20 Hz), operating at wavelengths from
1060 nm to 350 nm. To allow for ready visual alignment of the beam, the
532 nm doubled line of the laser fundamental has been chosen as the working
wavelength. The laser pulse time used was about 7 nsec, which is negligible
on the time scale of the vaporization process. This process required about
0.5-1 usec for & 10 percent change on the leading edge of the ion
intensity-versus-time signal profile. Earlier studies, such as those of
Onse, et al., [197G]}, have indicated the utility of short pulse time, high
power lasers (e.g., Nd/YAG) for controlled surface vaporization studies. The
laser beam was focused cnto the sample by a 500 mm focal length lens, mounted
on a movable stage. A spot size of 250 microns was used. The laser was

operated near threshold ind adjusted to deliver the same power for each pulse

in a data-averaging series.
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crystals and the beam collimation telescopes, necessary to proper propagation
of the beam, has been delayed (- 6 months) by the vendor, and the new system
is not expected to be fully operational until early in FY85.

Under subtask B, attempts to produce molecular clusters by non-equilib-
rium adiabatic expansion of NaCl, KCl, and Cn (n = 1 - 5) molecular species
showed no evidence of clustering at source vapor pressures to one atmosphere.
Apparently, higher pressures and longer expansion times (e.g., larger nozzles
and lower expansion pressure-ratios) are needed to remove the excess energy
produced in the initial aggregation process. It is also possible, though
unlikely in the present case, that a small amount of clustering may remain
undetected due to destruction of the clusters during the electron impact
ionization process in the mass spectrometer. Additional studies are planned
to determine the conditions needed for cluster formation and detection.

With regard to subtask C, we have found that th+: ionization cross-
section (o) can vary quite significantly with temperature, particularly for
species exhibiting a large geometry change on ionization. Data obtained for
the test cases, NaCl and KCl, exhibited large changes in o (25:1) between
high temperature (- 1000 K) species and translationally cooled low tempera-
ture {(~ 50 K) molecules. A quantitative potential energy curve model has
been developed to account for this initially unexpected effect. The model
has also been extended, on a qualitative basis, to allow for precictions of
temperature dependent electron impact fragmentation with other high tempera-
ture species, including Cn (n =1 -5), Future studies will attempt to

vaiidate and improve the model.
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.- establishment of local thermodynamic equilibrium at the sample "surface."
The "surface" in these studies was actually slightly cratered by the focused
laser beam, with a typical crater having dimensions of about 0.03 cm width
and 0.0% cm depth. For minimum laser power (10 mJ) conditions, the surface
temperature was determined indirectly from the mass spectral data to be
4100 + 300 K at a total species pressure of one atmosphere (1 atm = 101,325
Pa). A beam-velocity analysis of the C, species indicated an appreciable
cooling effect (to 2500 K) in the vapor plume by an adiabatic expansion
process. Additional studies are needed to identify the processes occuring at
a smooth surface, in comparison with those resulting from the shallow craters
formed under the present experimental conditions. Planned experiments
include:

o Traversing the sample surface between successive laser shots--to avoid

';;; crater-formation.

o0 Use of a rod-like sample geometry, with cross section dimension
matching that of the hot-spot--to provide for a complete surface
regression as opposed to cratering.

o Data collection, at a fixed sample position, as a function of number
of laser shots and, hence, crater size--to follow the transition
belween free (<« $ 1) and Knudsen-like (equilibrium, = = 1)
vaporization conditions.

Based on these initial results, obtained with the 10 Hz Nd/YAG laser
system, and also earlier tests with a CW COQ laser, a new laser was selected
(and procured by NBS) for permanent coupling with the mass spectrometric
system. This 20 Hz Nd/YAG laser has been received and optically coupled with

the mass spectrometer. However, delivery and installion of the doubling

(9.
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o Subtask C: Ionization Frocesses.
Objective: To determine the influence of high temperature on molecular
ionization processes, with emphasis on both partial and total electron-
impact ionization cross-sections. A temperature dependence of these
cross-sections would manifest itself in the electron impact fragmentation
patterns of the C, (n = 1 - 5) species, for instance, and could account for
some of the disparate literature results.

Of these areas, subtask A is the primary effort, with subtask C provid-
ing important information regarding mass spectral interpretation and
particularly for high temperature systems. Subtask B deals with the link
between the molecular-level initial vapor-forming process and the macroscopic
process of aerosol formation. The principal research carried out under these
subtasks, during FY84, is summarized as follows with additional details given
in Section 2.

For subtask A, a Laser-Induced Vaporization facility has been con-
structed and tested. The apparatus consists of a 10 Hz, pulsed Nd/YAG laser
coupled to a specially designed high pressure sampling mass spectrometer. In
principle, the mass spectrometer can detect both charged and neutral species
arising from the laser vaporization process. However, under the conditions
of the present study, where laser-vapor plume interaction was avoided as far
as possible, only neutral species were observed. Thus the ions referred to
here are those resulting from electron impact ionization of molecular species
in the mass spectrometer ion-source. Initial studies on an ultra-pure
spectroscopic grade graphite sample, provided quantitative time-resolved mass
spectral peaks cof Cn (n =1 - 5) molecular ions with excellent
signal-to-noise ratios and reproducibility. The absolute and relative

concentrations of the corresponding neutral species were consistent with the
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6. Molecular Basis for Laser-Induced Vaporization
of Refractory Materials

J. W. Hastie, D. W. Bonnell, and P. K. Schenck
High Temperature Processes Group
Inorganic Materials Division
Gaithersburg, MD 20899

1. Introduction and Summary

The interaction of high power lasers with refractory materials has been
studied by a number of workers during the last two decades. Most of thesé
studies have concentrated on the macroscopic, non-mclecular, processes such
as: crater formation, material removal rate, and plume dynamics. The
objective of the present study is to provide a molecular-level description of
the vaporization processes, and to provide a fundamental link to smoke and
aerosol formation. These processes are central to the interaction of high
power lasers with graphitic or other refractory materials. This report
describes the results of research carried out during FY84. The effort is
divided into three interlinked subtasks, as follows:

o Subtask A: Laser Vaporization Kinetics of Carbon-Containing Refractories.
Objective: To determine molecular specific mechanisms of laser-induced
vaporization using high energy laser heating of surfaces, and time-
resolved, high pressure sampling mass spectrometry of the vapor species

produced.

o Subtask B: Mechanisms of Formation for Submicron Metal-Containing

Particulates.
Objective: Tc follow zerosol formation from expanding high temperature
vapors in a vacuum environment. Particular emphasis is given to the
mechanism for homogeneocus nucleation which results from aggregation of
moleculdr species to form cluster intermediates and macroscopic parti-

culates.
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PROTON AFFINITIES OF HC=C-C=CH, HCaC-Cz=N and N=C-CaN:
EXPERIMENTAL AND AB INITIO STUDIES

by
Michael Meot-Ner (Mautner) and Thomas J. Buckley

Center for Chemical Physics
National Bureau of Standards
Gaithersburg, Maryland 20899

ard
Carol A. Deakyne

Department of Chemistry
College of the Holy Cross
Worchester, Massachusetts 01610

Abstract

The proton affinity of HC=C-C=N was determined in the NBS pulsed high
pressure mass spectrometer through measurements of equilibrium constants for
proton transfer reactions with bases of known gas basicity:

BHY + HC=C-CaN -> cyH Nt + B

Tne proton affinity was determined to be 180 kcal/mol. Sznce protonated
diacetylene, Cy4H3 , and protonated cyanoacetylene, C3H2N , undergo fast
reactions with the respectxve precursor molecules, proton transfer equilibria
could not be established in these systems. Therefore, the proton affinities of
HC=C-C=CH and N=C-Cz=N nave been determined in the NBS pulsed ion cyclotron
resonance spectrometer (ICR) using the technique known as "bracketing", in_which
one determines the occurrence or non-occurrence (and in the former case, the
efficiency) of the reactions:

Bt + (HC=C-C=Cii or N=C-C=N) ~> B + (IC=C-C=Cii or .izC-C=sti)H'

for a series of bases, B, of known gas basicity. From these results one can
estimate tne energy at wnhich the protonation of the compound of interest is
thermoneutral, and thereby obtain the proton affinity value. The results led to
a value of 180 kcal/mol for the proton affinity of diacetylene, and 154 kcal/mol
for cyanogen.

The proton affinities of these molecules reflect the stabilizing or
destabilizing effects of the multiple triple bonds and the highly polar =C=N
groups in the relevant molecules and ions; these interactions are studied
through ab initio calculations presented here.
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The intensity-time profiles from C, are quite similar to those observed
ia analogous measurements by Olstad and Olander [1975] for Fen species.

These authors provide a theoretical analysis of the atom density pulses in
terms of an equilibrium vaporization model with known laser pulse energy-time
profiles. A similar analysis should be possible for the Cn system,

Table 1 gives results from two runs at widely differing ionizing
electron energy. The validity of the assignment of ions to neutral pre-
cursors is borne out by the insignificant changes in ion ratios from 26 eV to
96 eV ionizing electron energy. Ion intensities, proportional to neutral gas
concentrations, were computed from the intensity-time profiles in two ways;
(1) peak maximum at peak centroid, and (2) integrated peak intensity. Both
techniques gave consistant results which were almost. independent of ionizing
energy. However, the peak maximum results indicated the presence either of a
slight excess of atomic-carbon, or of an unknown sampling artifact which
affects only the lowest mass C, species (see also Secton 2.3).

The results of Table  may be interpreted to indicate that the graphite
species vaporization coefficients appear to be very close to unity, contrary
to the results of earlier work. This observation may result from the effect
of signal-averaging serveral hundred vaporization events from a crater which
could serve as a crude Knudsen cell. Other significant causes of data
differences between this and earlier work may arise from our avoidance of
laser/plume interaction and the use of relatively short laser pulses to
reduce perturbation of the gas-dynamic process. Also, as the present study
was performed off the central plume axis, it is possible that if

non-equilibrium effects occurred only along the perpendicular axis they would
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not have been observed in the present work. As the plume is highly
forward-peaked in the perpendicular direction, this possibility needs further
study.

2.3 Temperature Determination

For these initial studies, several indirect methods have been used to
derive the temperature (T,) of the laser heated spot. Application of
potentially more accurate optical pyrometric methods have been deferred due
to uncertain emissivity data and the difficulty of accounting for plume
contributions to the emission signals. Under the laser pulse conditions
used, it i{s likely that only the surface layer (a few wavelengths, i.e.,
~ 2000 to 5000 nm) is heated and the total extent of vaporization is confined
to an area nearly equal to that of the laser spot [Hall, 1984]. The initial
tests used a laser spot intensity profile which is roughly "donut-shaped."
The effect of such a spot geometry, relative to a gaussian profile, should be
to level-out the temperature profile of the heated area.

2.3.1 Beam Velocity Analysis

The time-of-arrival, At, of the beam-species may be used as a measure of
the plume temperature. Regardless of the exact model of the vaporization
and beam-forming process, if a collection of gas molecules are in thermal
cquilibrium their velocity function is proportional to (TO/M)1/2, where M is
the individual species molecular weight. As At is inversely proportional to
velocity, a linear plot of At versus (M)”2 is indicative of thermal equilib-~
rium. Figure 6 shows that the various C, species exhibit such behavior.

Using the assumption of the equipartition of translational energy, one has

Mve/2 = 3kT/2 (2.1)
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where v is the most probable velocity, i.e., the peak of the velocity distri-
bution, and T is the beam temperature (<To), Because peaking of the

ion intensity-time-profile is caused by cooling of the sample, the

arrival times were selected at the half-height position of the leading edge
of the profile. Correlating this time with the most probable velocity yields

the time-of-arrival function
At = (d/3kT)172.M172 (2.2)

where d is the flight distance, 26 cm. Note, in figure 6, that the zero mass
intercept, a measure of the inherent delay in the quadrupole filter, is quite
small. From these arguments, and the slope of the 100 eV curve of figure 6,
we obtain a beam temperature estimate of 2500 + 300 K. This temperature is
much lower than is reasonable for the degree of vaporization observed and may
be taken as evidence of expansion-cooling, followed by translational equili-
bration as the vapor species pass through a shock-front stagnation zone.
Ohse, et al., [1979] have noted that for free vaporization from a surface,
gas-dynamic models predict a rapid temperature drop to the sonié point such
that T ~ 2T /3. This prediction, together with the above velocity model,
suggests a pre-expansion temperature (- To) of 3800 + 300 K, which is quite
consistent with the thermodynamic arguments given below., Although this
temperature analysis is not yet rigorous, our experimental results (not given
here) for the thermochemically more-established BN system provide excellent
confirmation, as we obtain 4000 + 300 K by comparing the C2* arrival time
relative to that for B' at T, = 2900 K (see table 2). Other supporting

“

arguments are also summarized in table 2.
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S 2.3.2 Species Intensity Analysis

The time-of-arrival evidence for thermal equilibrium suggests that the

"known" C. species distribution with temperature can be used to derive the
sample temperature (T,) from the measured species concentration ratios.
Also, the beam-formation process is quite similar to that for more usual
supersonic expansions, where the beam composition represents a "frozen
equilibrium” and corresponds to the pre-expansion temperature/pressure
conditions {Bonnell and Hastie, 1979]. The high pumping speed of the vacuum
system used for the present studies, and the pulsed nature of the gas
evolution process, further ensures high expansion ratios and "frozen
equilibrium" in the gas-dynamic process.

Values of "known" C, species concentration ratips were calculated as a
function of temperature using the JANAF [1971] thermochemical tables. While
e other sources of thermodynamic data exist (see discussion in section 2.4),
these tables still provide the most widely accepted critically evaluated
thermodynamic functions for C,, species. Table 1 gives temperatures cal-
culated from the listed Cn/C3 ratio data. Note that although the temperature
from the C1/C3 ratio fortuitously agrees with the post-expansioh temperature
(time-of-arrival data), such a temperature is unrealistically low for the
observed species pressures. The corresponding ratios for the Cy and Cs

species yield temperatures that are more consistent with those expected and

also with those indicated by the above beam velocity analysis.
The anomalous low temperature result could be interpreted as being
due to an apparent excess of Cy. Arguments for and against additional

sources of C1’ include:
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;; ':f: 0 Electron impact fragmentation of higher mass C, species or contami-
nants such as CO. In this connection, it should be noted that the
literature data were usually obtained at lower electron energies than
for the present study. However, the present results are consistent
with the lower eV data of Berkowitz and Chupka [1964] and Drowart, et
al., [1959].

o0 A compelling argument against significant fragmentation in the present

study is the time-of-arrival result which indicates that C,* arises

from a 12 amu neutral, i.e., C,.

& 0 Analysis of the Cn+ ion-stabilities (bond dissociation energies)
indicates no loss of stability on ionization of C,; hence no major
fragmentation effect is likely.

o The constancy of ion-ratios over the range 26 to 96 eV is consistent

with an absence of fragmentation and the existence of a single
ion-precursor for all ions.

o The C1’ appearance potential curve indicates C; as the major
precursor,

o From the C1+ ion intensity, the carbon-atom pressure (PC) is cal-

culated to be equal that obtained from JANAF [1971]. For this
calculation kc, the mass spectrometer proportionality constant, was
obtained from our established boron ion intensity data (not given
here).

Wachi and Gilmartin {1970] found Ci/Cp to decrease with time, anc to
depend on sample preparation and surface morphology. Also, considerable
literature controversy exists concerning the entropy and hence absolute
partial pressure of C3, Thus, the use of observed Cy/C3 ratios together with

JANAF [1971] calculated ratios to infer temperatures, etc., seems : 3ky. In
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;3: :f:;* this connection, literature more recent than JANAF [1971], as reviewed by

Meyer and Lynch [1973], indicates Cy/C3 < JANAF, with C3 being more

significant than JANAF; e.g., at K000 K, with pressures indicated in atm,

C4/C3 (JANAF) = (7.9 X 107)/(5.0 X 1071) = 0.16, whereas
Cq/C3 (M & L) = (7.9 X 1079)/(1.2) = 0.066
i.e., JANAF is too high by factor of 0.16/0.066 = 2.4,

i.e., C3 (M&L) = 2.4 x JANAF.

This difference is comparable with the uncertainty in cross sections used to
translate ion intensity to partial pressure data. However, use of the Meyer
and Lynch [1973] or Meyer, et al., [1973] data and our Cy/C3 results gives an
even lower T, than the JANAF value of 2600 K, which is impossible. Hence the
;;;- C,’ data do not appear to have thermodynamic significance for Cy concentra-
tion measurement.
Another, less-likely, argument as to why C1/c3 gives a lower T, than

Cn/C3 (n > 1) is based on the higher sublimation enthalpies for Cn(n > 1), as

compared with C,. This means that C, becomes a relatively more important

species at lower temperatures and, as the hot spot cools, Cy could become

-‘.T:i/qx
) RPN

more significant than Ch (n > 1). However, this would require T,, as

v

o calculated from the crater size, to be less than from the Cp/C3 ratio data.
-

. No crater size data have been obtained to test this hypothesis. However, for
b, .

b . .

'; our anadlogous study of 3N (results not given here), the crater size measure-

ments gave a high value for To. This explanation would also require our

cbservation of 3/B, to yield a2 lower T, which was not the case.

v
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o 'if For the case of the C,/C; ratio (see table 1), if the relative cross-
i’ sections were 1/1.5, which is quite reasonable based on empirical trends in
O other systems, the calculated temperature would be 4200 K, in agreement with
the values obtained using the Cy and Cg species. This cross-section ratio
agrees favorably with the estima*. of 1/1.23 given by Meyer and Lynch
(1973]. The higher polymeric C, species should have cross-section ratios

close to unity, which we have assumed in the present analysis,

2.4 Literature Studies of Laser-Induced Vaporization of Graphite

Since the JANAF evaluation, dated December, 1969 {in JANAF, 1971], a
number of studies of the graphite vaporization system have been reported over
the period 1968 to 1983. Analysis of the results of these studies indicates
that the equilibrium distribution of various carbon species at temperatures

i;Qf greater than 2800 K is still uncertain,

2.4.1 Literature Survey for the Period 1968-1983

o0 Zavitsanos [1968]

Zavitsanos [1968] carried out laser vaporization mass spectrometric
studies using conditions similar to those of the present work. However, only
the C1/C3 ion intensity ratios are comparable between the two studies, as
shown in table 3, The crater dimensions observed by Zavitsanos {1968], and
found in the present study, are notably similar for various graphite-types at
4100 K with similar laser energy conditions.

o Clarke and Fox [1969]

The vaporization data from graphite filaments at temperatures to 3400 K
were analyzed in terms of C: as the principal species with a vaporization
coefficient, =« = 1. For this analysis, the JANAF AHPn(ggg) (i.e., for

2C(s) = C5) was assumed to be correct and equal to 832.6 kJ/mol. Assumptions
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of Cy, Cp, and Cy as the principal species with « = 1, or with the Thorn and
Winslow [1957] « values, do not fit the data. Later workers have apparently
not attempted to rationalize the results of Clarke and Fox [1969] with the
prevailing viewpoint of C;, rather than Cp, as the dominant species. These
authors also cite all pertinent earlier literature work.

o Wachi and Gilmartin [1270]

These workers studied the free vaporization (Langmuir) behavior of
various graphites using both double-focusing magnetic sector and
time-of-flight mass spectrometric detection of the C1 to Cg species. A
relatively low ionizing electron energy of 17 eV was used. Above 17.5 eV,
the appearance potential curve for C; showed a pronounced upward curvature,
indicating possible fragmentation of higher molecular weight species. Ion
molecule reactions in the ion source were also suggested as a possible
additional source of C3’. Apparent activation energies were basically in
agreement with those reported earlier by Zavitsanos [1968]. No attempt to
convert the ion intensity data to absolute species concentrations was made in
this study. Thus, these results cast little light on the equilibrium
thermodynamic vaporization benavior of the various Cn species. AIt is
pertinent, however, to note the close similarity between the activation
energies and equilibrium enthalpies (literature data) of vaporization. This
similarity suggests local equilibrium conditions may be present under free
vaporization conditions for graphite. Another important observation from
this study was the pronounced time-dependency of the relative ion
intensities, with C3* showing a strong increase relative to Cy and C,. This
effect was tentatively attributed to changes in surface morphology and the

possible formation of an allotropic form of carbon.
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o Milne et al. [1972]

Using Knudsen effusion mass spectrometry, these workers obtained
relative ion intensity mass spectral data for C1* - C7‘ at temperatures to
3300 K and with 17 eV electron energy. The ion ratios between C,, Cp, C3 and
C5 agree well with the extrapolated data of Drowart et al. [1659], and hence
JANAF [1971]. The Cy partial pressures were lower than those indicated by
JANAF [1971] and the Cg and C; values were lower than theoretical predic-
tions, including those of Leider et al., [1973]. Useful second law data were
obtained only for the relatively abundant C3 and Cy species. During initial
heating, C, (48 amu) was anomalously high due to presence of a Ti impurity at
the same amu. A comparison between the extrapolated results of Milne et al.,
(1972] and the present work is given in Table 4. Note that C2/C3 is the only
ion ratio in agreement for the two studies.

The Milne et al., [1972] intensity-time profiles showed multiple peaks
from each ion, which they attributed to possible ion trapping in the ion
source. The positions and shapes for C,*, C2+ and c3* suggested substantial
C3 fragmentation at 50 eV and none at 17 eV, There was also some indication
of C3* fragment-ion formation at the higher temperatures. The narrow C3*
peak shape was indicative of non-effusive expansion conditions. Note,
however, that their pressures did not exceed -~ 1073 atm for a 1/8 in.
diameter cell orifice size and these conditions, while outside of molecular
effusion, would not lead to excessive gas-dynamic cooling.

o Zavitsanos and Carlson [1973]

Knuasen effusion mass spectrometry to 3000 K indicated good agreement
with the JANAF [1971] ¢y - Cy partial pressures. But the JANAF C; pressures

were used to calibrate thc pressure scale. These workers also used the newer

C3 thermodynamic functions of Strauss and Thiele [19€7] but this did not




improve the poor agreement between second and third law C3 vaporization
enthalpies. The possibility (also suggested by others) of a temperature-
dependent C3 ionization cross section was mentioned as a possible source of
error with the second law enthalpy. Heavier species than Cy were not
significant in this study. This observation does not conflict with the
analysis of Leider, et al., [1973] since they predict C5 - C7 as significant
species at higher temperatures (> 4000 K) than the < 3000 K achieved by
Zavitsanos and Carlson [1973]. The appearance potential data of these latter
authors was considered evidence of negligible fragmentation at ionizing
electron energies to 20 eV. However, the structure of their curves could
also be interpreted to indicate fragmentation. More precise appearance
potential measurements of C3 [Wachi and Gilmartin, 1970] over pyrolytic
graphite at 2788 K, showed a pronounced break at 17.5 eV, indicative (but not
proof) of fragmentation of a higher polymer or other carbon-containing
species. Extrapolation of these data to 26 eV suggests about 30 percent of
C3' could arise from fragmentation in the present studies.

o Meyer et al., [1973]

Pulse laser vaporization of pyrolytic graphite with mass spectrometric
(time-of-flight) analysis indicated C, integrated ion intensities (relative)
of: C; (1.0), C» (1.3), and C3 (18), at 18.6 eV, with higher n-species being
negiigible. Note that our corresponding values are: Cy (1.0), C, (0.35),
and C3 (3.1), at 26 eV, Using estimated ionization cross sections and other
ion intensity conversion factors, the corresponding relative partial pres-
sures for the Meyer et al., {1973] data are: ¢, (1.0), C» (0.32), and C3
(35). Based on the Palmer and Sheief [1968] C3/Cy pressure ratio data, the
temperature is indicated as 4500 K. Pulsed laser vaporization studies of

graphite generally indicate surface temperatures in the range 4000 to 4500 K.
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From their analogous studies on TaC, where only C; andg C3 were significant,

we can argue that the fragmentation, CI*(C3) or CZ*(C3) is not a significant
factor in the graphite mass spectra, at least to 18.6 eV.

Note that a significant difference between the Meyer et al., [1973]
experiments and ours is their use of a single laser pulse and hence the need
to consider vaporization coefficients in their conversion of ion intensities
to partial pressures. Their intensity-time results are similar to ours and
do not show the anomalous secondary peaks characteristic of the Milne et al.,
[1972] observations. However, their laser-plume geometry was coaxial, giving
rise to possible laser perturbation of the plume species.

Hydrocarbon species noted by Meyer et al., [1973] over pyrolytic
graphite included, C,H,, CyH,, and CgH,, in addition.to Hy and CO; CpHy and
CO were also noted over TaC.

o Meyer and Lynch [1973]

Their analysis of literature results is closer to that of Palmer and
Shelef {1968], and also of Zavitsancs [1968] and Leider et al., [1973] than
that of JANAF [1971]. The main result is that the C3 partial pressures are
predicted to be about three times greater than for the JANAF [1971] data. At
temperatures in the region of 4000 K, the following aifferences are found

between the Meyer and Lynch [1973] and JANAF [1971] evaluations:

Cy/Cq (ML) Cp/Cq (ML)
- - J. 206 = 1.06
Cy/Cy (JANAF) Co/C3 (JANAF)
- = .54 = 2.35.
Ci Ty JANAF) Cg/Cy (JANAF)
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Table 5 gives a comparison of temperatures calculated using the ion intensi-

ties of the present work together with the Meyer and Lynch [1973] and JANAF
{1971 ] partial pressure ratios. Note that the comparison using the JANAF
data gives the more realistic temperatures.

o Lundell and Dickey [1977]

The graphite rate-of-mass-loss data of Lundell and Dickey [1977] agree
well with JANAF [1971] provided unit vaporization coefficients are assumed.
for the temperature range of 4000 - 4500 K. Under the CW —C02 laser heating
conditions used, the vapor plume was supersonic. Temperatures were deter-
mined by pyrometry of the surface using an estimated emissivity. This is one
of the few graphite vaporization studies where controllable CW laser radia-
tion was used and direct surface temperature measurements were made.

o Covington et al., [1977]

These workers have analyzed the gas dynamic behavior of free-jet
expansions from laser-vaporized carbon surfaces at temperatures to 4500 K.
Their results are consistent with the JANAF [1971] tables, indicating
equilibrium conditions and a species-averaged vaporization coefficient and
emissivity of 0.9. The data agreement with JANAF [1971] assumes Cqs C, and
C3 as the major species with the latter predominant. These workers also
concluded that the vaporization process was independent of microscopic
surface roughness.

o Gupta and Gingerich {1979]

These workers report Knudsen effusion data for C1, Cy, and C3 at
temperatures to 2700 K. For the third law enthalpies, fair agreement with
JANAF [1971] was obtained for C; and C,; for C3, BHarom (298) = 1313 = 6.6

kd/mol, as compared with the JANAF [1971] value of 1321 + 21 kJ/mol.
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3;5. o Wulfson et al.,[1980]

These workers determined a maximum laser plume temperature of
3600 + 300 K from the CN-impurity vibrational temperature for a pulsed laser
graphite vapor plume. We believe that the conditions used would have yielded
a total carbon-species pressure of about an atmosphere, similar to the
present work.

o Lundell [1982]

From a review of earlier work, Lundell ([1982] concluded that at rela-
tively low temperatures (1400 to 2400 K) the vaporization coefficients are
not well known but are considerably less than unity and differ between the
various C, species. At higher temperatures (3500 to 4500 K), the vaporiza-
tion coefficients approach unity. Note that for the best available vaporiza-
tion coefficient estimates and the JANAF [1971] data, C; is predicted to be

.m: the predominant species at the lower temperature range and C3 at the higher
range, with C; or other higher molecular weight species becoming significant
above the boliling point.

o Baker et al., [1983]

The recent work of Baker et al., [1983], using similar methodology as
for the stucdy of Covington et al., [1977], provides an alternative analysis
to that of Lundell [1982]. The results differed significantly from JANAF
(1971] and were more consistent with the re-evaluation of Leider, et al.,
(1973]. However, thec analysis depends to some extent on assumed emissivity,
species distribution, and vaporization coefficient beravior. Their analysis
indicates an average « = 0.4 - 0.7, based on JANAF [ 1971 ], but that
extrapoiating to the melting point would require = > 1, which is the primary

basis for disagreement with JANAF. However, the linearity of the
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temperature-pressure extrapolation process 1s by no means assured. Compari-

son with the Livermore thermochemical tables [Leider, et al., 1973] indicates
« = 0.2 - 0.6 over the data range and -~ 0.8 at the melting point. Based on
the physical reasonableness of « approaching unity at the melting point, the
authors preferred the Livermore to the JANAF analysis., The differences in
Livermore dand JANAF pressures are primarily only significant at temperatures
higher than about 4200 K, which is the region most dependent on extrapola-=
tions and spectroscopically-based thermodynamic functions. The results of
Baker et al., [1983] suggest « to be strongly temperature dependent. In this
connection, it is pertinent to note that their carbon surface morphologies
were relatively flat, as opposed to the cratered condition in the present
studies.

2.4.2 Literature Summary, for the Period 1968-1983

Clarke and Fox [1969]

o Indirect evidence of C, as the major species and = = 1 (3400 K).

wachi and Gilmartin [1970]

o Relative intensities of Cn+ (n =1 to 5) strongly dependent on time
and sample form.

o Possible evidence for C3’ fragment ion formation above 17.6 eV.
o Data insufficient to compare with JANAF [1971].

Milne et al., [1972]

o Basically in agreement with JANAF [1971] (to 3300 K).
o Time-of-arrival data suggests some fragmentation of C3.

Meyer et al., [1973]

o] Cj/C1 ion ratios are consistent with a laser plume temperature of

4500 K.

+

0 No evidence of ¢,* or 5" fragment ions from C3 at 18.0 eV.
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Table 3. Comparison of Present Results with Zavitsanos [1968] lon Intensities,
Normalized to C3 at 4100 K
Ion Zavitsanos (20 eV) This Work (26 eV)
¢, 0..48 0.47
Cs 1.00 0.14
€3 1.00 1.0
Cy 0.24 0.014
Cg 0.39 0.027
Ce 0.15 <0. 01
Cq 0.16 ---
Table 4. Comparison of Present Ion Intensity Results with the Milne et al.,

(1972] Extrapolated Ion Ratios at 4200 K, Normalized to C3

JANAF [1971] Pressure (atm) Milne, al. [1972]
2.5 .0
0.2 .08 (= JANAF)
0.3 .12 (= JANAF)
0.3 12
0.3 12
0.001 00Cu

This Work (26eV)

1.0

0.32

0.013

<0.0

A J
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Table 1. C, lon Intensities and Corresponding Calculated Equilibrium Surface

Temperatures?
lonizing electron energy = 96 eV
Mass (amu) Species Peak Signal Integrated Signal Temperature (K)b
12 o 0.51 0.32 2600
24 C, 0.16 0.12 3450
26 Cq 1.0 1.0 ---
L8 Cy 0.015 0.018 4400
50 Ce 0.04 0.0 4300
lonizing electron energy = 26 eV
2 o 0.47 0.32 2600
24 Cr 0.14 0.11 3200
36 Cq 1.0 1.0 ---
L8 Cy 0.014 0.013 4100
50 Cy 0.027 0.027 4000

3The accuracy of the Cy and C» ratios to C3 is about 30 and 10 percent,
- respectively; for Cy and Cg the accuracy is about 25 percent. Typical C3
_— signals are 100 to 200 mv peak.

bObtained by comparison of observed Integrated Signal intensities, relative to
C3, with the JANAF [1971] thermochemical partial pressure data.

Table 2. Surface Temperature Results in the Graphite System

Method Temperature (K)
Cz* arrival time relative to B® (at 2900 K) 4000 + 300
Pc from P = « I(C*) T, with JANAF [1971] 4200 + 300
C*/8" intensity ratio (for B at 2900 K) 4100 = 300
CH (or CS)/C~, with JANAF [1971] 4100 + 300
Average 45100 + (300)
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o Centrifugal broadening of the potential-well and high rotational level

occupation may be important in the calculation--at T > 800 K, J(max)
is of the order of 60; the effect on f (T) and Y, may be significant,
the effect on the potential is less likely to be a problem.

5 Avoided-crossing distortions of the potential-well may be important at
high temperatures although Oppenheimer and Berry [1971] calculate that
point for NaCl to be at r = 0.94 nm, where no significant thermal
occupation would exist.

o The actual form of the potential may not be accurate enough above
v = 2-3.

o The separation of the two states of the ion, expected to exist, may
cause the simple overlap model to fail at higher temperatures.

An ab-initio calculation for this problem is now possible and probably
warranted. However, many important systems are not yet calculable, and
fragmentation at a single bond is a very ilmportant case. The sensitivity
shown by this model also points to the possibility of directly using this

effect to test existing ab-initio calculations at the higher energy levels.
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temperature (EXPANSION) data. This difference indicates the impossibility

cf successfully modeling temperature dependent fragmentation based only on
high temperature data. Also, the extreme sensitivity of the model prediction
on the value of r, is demonstrated by comparison of the high temperature fit
and low temperature anharmonic oscillator results in figure 9. This sensi-
tivity indicates that low temperature ion-intensity data can provide a
stringent test of ground state potential well shape, particularly for levels
above the ground vibrational state.

The basis for the anharmonic model used is as follows. The potential
well was computed by the Rydberg-Klein-Rees method from the spectroscopic
data selected by JANAF [1971]: wy = 363.62, weXe = 1.72, Be = 0.21691, all in
-1

cm These values imply r, = 0.23671 nm. The function, f (T) was summed

directly from the anharmonic eigenvalues

Ey = we(V *+ 1/2) = wexe(v = 1/2)2,

normalized by summing to v = 15 where the population, even at 1200 K, was
insignificant. The anharmonic eigenfunctions were approximated by mapping
harmonic oscillator eigenfunctions onto the actual potential well. Figure 9
shows the resulting model behavior for R with T, given as the Anharmonic
Oscillator curve (rc = 0.2445 + 0.0001 nm). The model agreement with the TMS
data is now excellent; however, the model still fails to predict the effusive
KMS data. Possible explanations are:

o Harmonic oscillator eigenfunctions are not a good model at high tem-

perature--the "true" eigenfunctions do exhibit higher amplitude

towarda the right wall of an anharmonic potential than toward the

left.
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system pressure. At high temperatures, the vibrational levels are signi-

ficantly populated, up to v = 1¢ or more. For the NaCl case, considered in
detaii here, less than half of the molecules at 800 K are in the v = 0 state
(harmonic oscillator assumption), and 1 percent, or more, occupancy is found
up to the level v = 8. This makes empiriczl interpretation based on the
observed high temperature ratio so insensitive to small changes in the value
of r, that almost no information can be obtained from hot beams.

Figure 9 shows a low temperature limit near R = 27 for the NaCl case
(TMS deta). For the harmonic oscillator fit, values of wg = 263,62 em™! and
e = 0.23606 nm were used. Equation 4 1 was evaluated by numerical integra-
tion of Y, and direct summation over v from 0 to 12. The evaluation was
iterated on r, with T = 10 K until the experimental value, R = 27 + 0.5 was
obtained and the corresponding value of r, was 0.2U4548 + 0.0001 nm. Note

that the high precision obtained for r_ is indicative of the high sensitivity

c
of this model approach. The temperature-dependence results based on this fit
are plotted in figure § as the Harmonic Oscillator curve. It is clear that
the qualitative shape of the data (including effusive measurements taken from
the literature [Bonnell and Hastie, 1979]) is adequately modeled by the
harmonic oscillator approximation. But even with a possible error of a
factor of two in beam temperature (which has been applied to the date), the
model does not quantitatively fit either the TMS or KMS effusive data. A
likely explanation of the models' deficiency is that the ground state well is
anharmonic, and the harmonic oscillator eigenvalues of the levels underesti-
mate upper level participation.

The curve labeled High Temp. Fit in figure 9 is based on a harmonic

oscillator-model calculation, made using only the high temperature effusion

data. Note the disagreement of this model approach with that using the low

232




PACKN,
t, l'
s s v o

Secee - s

L

TpL T

. .
M A e R T VAT T AL R R R . . o St Lt T,
P NN I I S S e W WA Pl ST P A A T

.-

state to the ion-state region to the right of the internuclear distance where
the ion dissociation limit intersects the ion-state repulsive wall. The
population fractions f (T) of the various vibrational states can be deter-
mined, from which the fragmentation ratio can be calculated using the

relationship:

[ o -1 .
R = M/MC1* = | ) I gY: Y, drz- £, -1 ' (4.1)

v=0 r
c

where Y  is the vibrational eigenfunction for vibrational state v. From this
expression, transitions from the ground state to the right of re lead to
parent ion formation, and transitions to the left of ro produce dissociation
to fragments (see fig. 8). Although Nikolaev [1972]'presented calculations
of r,, based on a model of the ion-state, he found it necessary to compute re
for CsCl empirically from the experimental fragmentation ratio, obtaining

'e = 0.342 nm, compared to his calculated value of 0.323 nm.

A more definitive, generally applicable model for this relatively novel
process (for high temperature species) has been obtained under the present
subtask using the TMS system. The isentropic expansion used to form a
representative non-interacting beam from a high temperature region provides
extreme rotational and vibrational cooling of the molecules. This cooling
effect has led to observation of anomalously high ratios of M*'/MX* in alkali
halide species [Bonnell and Hastie, 1983]. The above model provides a basis
for interpreting these experimental data since the proper temperature
describing molecules in the beam is given by the isentropic temperature of
the expansion rather than the source temperature. For suitable orifice

dimensions, the temperature can be altered over a wide range by varying the
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One possible explanation for these results could be that higher mole-
cular weight clusters fragment, thereby contributing to ion signals for the
lower polymers. Our analysis indicates, however, that such effects must be
less than about 10 percent, as neither phase (time-of-flight) data nor
appearance potentials show any evidence for unexplained contributions to
assigned precursors. Similar arguments pertain to the Cn system which also
showed no evidence for cluster formation. .

4, Subtask C: Results on Ionization Processes

In order to identify gaseous species, a mass spectrometer must be used
to ionize and detect the neutrals. However, the electron impact ionization
process frequently produces fragment ions. A universal assumption in high
temperature mass spectrometry is that intensity ratios of fragment to parent
ion are temperature independent, as might be argued from the thermal energy

‘;Q- being negligible with respect to the ionizing energy. One known exception
for high temperature species has been reported by Askishin et al., [1960] for
the CsCl system, where a 20 percent variation in the ratio Cs*/CsCl* was
observed over the temperature interval 800 to 900 K. These authors argued
that temperature-dependence in the Franck-Condon factors was the result of
poor overlap between the ground state of CsCl with the bound ion state.
Changes in the thermal pcopulation of the higher vibrational states with
temperature would then influence the Franck-Condon factors.

A relatively simple model of the temperature-dependent ionization
process has been discussed by Dronin and Gorokov [1972], and Nikolaev [1972].
Figure 8 shows a harmonic oscillator potential model for the ground state,
located such that only a small overlap occurs with the stable region (r > re)

of the bound-ion state., The stable region is defined by vertical transitions

(the Franck-Condon assumption for electron impact excitation) from the ground
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independently controlled, and from which expansions into a vacuum chamber can
be monitored with mass spectrometric detection [Bonnell and Hastie, 1979].
Alkali halides have been selected as test cases for monitoring cluster
formation processes.

The apparatus, termed Transpiration Mass Spectrometer (TMS), consists of
an initial chamber for vapor transpiration and molecular beam production, and
a second chamber where modulation of the molecular beam and mass analysis are
performed. Figure 7 shows the transpiration inlet system, located in a
vacuum chamber. The entire system is heated by a tantalum foil furnace (not
shown), and the beam is directed to a quadrupole mass spectrometer which is
operated in a cross-beam configuration. The unit is laser aligned with the
beam axis directed toward the ion source. Differentially pumped apertures
collimate the beam and a mechanical chopper modulates the beam to allow phase

sensitive lock-in amplification. The two-stage vacuum system used is similar

in concept to the LIV system (shown in fig. 2) but with a horizontal beam-
path geometry.
Vapor expansion experiments were conducted with KCl and NaCl vapor, in a

N2 carrier gas, at source pressures of - 0.04 MPa (0.4 atm) and temperatures

P et Chiring i i i)
. " T e . N
» . o .

to 1300 K. The data have been discussed in detail elsewhere [Hastie, et al.,
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16841, including a complete thermochemical analysis. Studies with variable

pressure of nitrogen and orifice size were conducted to identify excess
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dimer/trimer formation due to clustering by expansion cooling. For the

L

YTV P
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. smaller orifice, (lower final beam temperature}, the ion intensity ratio of
;' dimer to monomer species decreased with increased N2 pressure (ie, decreased
E{ beam temperature), which indicated an absence of clustering. Similar results
i were found for the NaCl cystem.
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These observations do not necessarily conflict with the lower temperature
studies of Fesenko and Bolgar [1969] owing to the large temperature dif-
ferences together with the strong C3/c1 temperature dependence.

Meyer et al., [1973] argue that the carbide vapor composition
may reflect the molecular structure of the solid phase and that different
carbides may produce different C, distributions. A higher laser energy (18 J
of focused energy versus 0.1 J for graphite) was needed for TaC owing to its
greater reflectivity. The results could not be quantified because of the
non-congruent vaporization. Also, no direct indication of the TaC tempera-
ture was obtained in these experiments, but the signals were approximately an
order of magnitude weaker than for graphite.

In view of the incomplete and disparate nature ¢f the literature
studies, further examination of the molecular composition in laser plumes
e~ over tantalum carbide samples is needed and planned.

3. Subtask B: Cluster Formation Studies

Laser vaporization processes can result in relatively high pressures of
vapor species, as shown by the results for Cph given in Section 2. When a
high pressure vapor expands adiabatically into a vacuum envirorment the
temperature can fall markedly, leading to a superseturated vapor state. Such
a condition tends to favor homogeneous nucleation, with the formation of
cluster intermediate, aerosol, and particulate states. While the laser
ﬁj vaporization studies of graphite, described in Section 2, showed evidence of
expansion-cooling there was no indication of cluster formation. Independent
control of the source pressure and temperature, which was not possible with
the graphite studies, is required to understand the mechanistic details of
ti the vapor to cluster to aerosol transformation. For this purpose, we have

(o

r;; T developed a chamber in which the total pressure and temperature can be
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Langmuir vaporization studies of refractory metal carbides, including
those of Ta, Nb, Hf, Zr, and Ti have been reported by Fesenko and Bolgar
[1969]. Vaporization rates increased in the above order, Ta to Ti. The data
were also consistent with vaporization to metal plus atomic-carbon. However,
this assignment may not be definitive owing to the non-molecular-specific
approach used. At the highest temperature of 3373 K, the total pressure over
the congruent vaporizing composition, TaCO.71, was 4.5 x 107> atm. From this
pressure, and the condition of congruency, we can compute the thermodynamic
activity of C3 as 1.56 x 1073. This reduced activity of C3 in TaCq,71, as
compared with graphite (1.0 by definition), favors dissociation to Ci. at
3373 K the ratio PC1/PC3 ~ 10, whereas for graphite the ratio is 0.17, i.e.,
the atomic-carbon-enhancement factor is 58.8 for the carbide.

More recent vaporization studies of TaC using laser vaporization mass
spectrometry (at 18.6 eV) indicate C3 as the predominant species [Meyer
et al., 1973]. However, the substrate composition is unspecified in these
studies and could well be closer to TaC than TaCO_71. This situation would
tend to favor a higher C3/C1 ratio than for the work of Fesenko and Bolgar
(1969]. Using the measured relative partial pressures of C3/C1, in compari-
son with values calculated from the Palmer and Shelef [1968) evaluation for
grapnite, a surface temperature of 4500 K was indicated. The JANAF [1971]
derived temperatures would be greater, but vaporization coefficient and
ionization cross section uncertainties probably contribute to this differ-
ence, A comparison of the observed TaC and C vapor species abundances (in-
tegrated ion intensities) indicates C1 : C2 : C3 values of 1.0 : 0.06 : 2.2

and 1.0 : 0.32 : 35, respectively, and presumably at 4500 K in both cases.
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The principal conclusions dre:

O Proral - 10 X PyaNaF (at T -~ 4000 K).

© Thoiling ~ 3850 K vs. 4150 K for JANAF [1971].

o The carbon-atom may be used as a reference point as its properties are
well established.

o Entropy of C3 is about 21 J/mol-K greater than JANAF at [1971] 4000 K.

2.4.4 Conclusions From the Literature Survey

Despite recent indications to the contrary, the JANAF [1971] tables
still appear to be the most consistent with tne available data. However, a

re-evaluation of all the thermodynamic functions is warranted as the JANAF

[(1971] data-consistency may result from offsetting errors, particularly for

the C3 species.

2.5 Carbon Vaporization from Carbides

Rﬁ "  For spacecraft survivability under laser irradiation, the development of
ablative coatings is a promising approach. An important coating requirement
is to maximize energy absorption, which implies minimizing the energy stored

as chemical bonds in the vaporized protectant. In the case of carbon, the

fact that C3 is the predominant vapor species at high temperatures makes
carbon a less favorable ablator than if carbon atoms were the preferred
vaporizing species. Over pure carbon, it is thermodynamically unreasonable
to significantly modify the vapor species distribution. However, with

refractory metal carbides, the reduced thermodynamic activity of carbon

species should favor release of lower molecular weight C -species, in |
comparison with graphite. Carbides can also improve the refractory proper-
ties of ablative coatings. Tantalum carbide (TaC) is a promising ablation
material and is a suitable test case for a detailed analysis of vaporization
kinetics. A limited understanding of TaC vaporization processes is available

from several earlier studies, described as follows.
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Meyer and Lynch [1973]

0 Pc3 ~ 3 X JANAF [1971]

Zavitsanos and Carlson [1973]

o Knudsen mass spectrometry results to 3000 K, agree with JANAF [1971].

Lundell and Dickey [1977]

o Results agree with JANAF [1971] at T = 4000-4500 K.

o Conditions similar to the present study but mass-loss method used
instead of mass spectrometry.

Covington et al., [1977]

o0 Laser vapor-plume analysis to 4500 K.

o« ~ 0.9.

0 C3 is indirectly indicated the major species.
o Results are consistent with JANAF [1971].

Wulfson et al., [1980]

o Laser vapor-plume temperature 3600 + 300 K.

Baker et al., [1983]

o Data more consistent with analysis of Leider et al., [1973]
than for JANAF [1971].

0 «=0.2-0.6; -1 at melting point

0 « strongly temperature dependent.

o Data depart from JANAF [1971] mainly at T > 4200 K.
o P total < 2 X JANAF up to 4200 K, - 3 X [JANAF] at 4500 K.

2.4.3 Literature Summary, for the Pre-1968 Period

The JANAF [1971] evaluation is based on data available prior to 1968,
An independent critical analysis of results from this period has also been
made by Palmer and Shelef [1968], using theoretical C3 entropy results not

available to JANAF [1971].
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Table 5. Temperatures Calculated from Partial Pressure Ratios, Relative to C3
Ion Intensities Temp. K Relative Pressures Temp. K
Species [This Work, 96 ev] [ JANAF] {Meyer and Lynch] (Meyer and Lynch]
¢4 0.32 2600 0.1 >5000
C, 0.12 3450 0.13 3500
C3 1.0 -=- 1.0 ---
Cy 0.018 10Oc 0.046 >5000
C5 0.04 4300 0.094 >5000
-
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Figure 1. Schematic of laser-induced vaporization mass spectrometric
facility (side view), showing laser-sample-molecular beam
geometries. The microcomputer system shown controls the signal
averager and records completed scans.,
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Figure 3.
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Mass spectral ion intensity-versus-time profile for the 36 amu

(C3’) ion at 30 eV nominal (26 eV actual) ionizing electron
energy. Unit peak-ion-intensity equals 27336 counts.
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Figure 5., Mass spectral ion intensity-versus-time profile for the 24 amu

+ .
(C2 ) ion at 30 eV nominal (26 eV actual) ionizing electron
energy. Unit peak-ion-intensity equals 20337 counts.
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Dependence of the time-of-arrival for Cn’ (n =1 to 5) ions as a
function of molecular weight from laser vaporized graphite. The

linear dependence confirms the assignment of neutral precursors,
and in1icates a common thermal source and local thermal equilib-

rium, The two curves shown are for 30 eV and 100 eV data sets,
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Temperature-dependent electron impact fragmentation model. The
lower potential well is for a harmonic oscillator with the
probability density functions (square of harmonic oscillator
eigen-functions) drawn to scale; re is the equilibrium inter-
nuclear distance, and r, represents the dividing line between
vertical (Franck-Condon) transitions to a bound molecular ion (at
r > Pa) and to an unstable condition (at r < rg) giving
fragmentation.
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Figure 9, Comparison of experimental and model fragmentation ratios in high

pressure expansions of NaCl vapor-N, gas mixtures. The tempera-
ture axis was derived from the source pressure using an isentropic
expansion/sudden-freeze model (see for instance, Stearns, et al.,
1979). An expansion effectiveness parameter of 0.5 has been
applied to the derived T/To. The r, value labeled High Temp. Fit
is for a harmonic oscillator calculation, using only experimental
high temperature R-data (see text).
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